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Supercapacitors, also known as electrochemical capacitors, have shown great potential 
as energy storage devices; and 3D printing likewise as a manufacturing technique. This 
research progressively investigates combining these two technologies to fabricate 3D-
printed, electrochemical double-layer capacitors (EDLCs). 
Small EDLCs were designed in a sandwich structure with an FDM-printed plastic frame 
and carbon electrodes. Inkjet printing was initially combined with FDM printing to 
produce a pilot sample with a silver ink current collector, however this performed 
poorly (Cs = 6 mF/g). Henceforth a paste extrusion system was added to the FDM 
printer to deposit the current collectors and electrodes, fabricating the entire device in a 
single continuous process. This process was progressively developed and tested, 
ultimately attaining specific capacitances of 200 mF/g. 
The fully integrated 3D printing process used to manufacture the EDLCs was a novel 
approach. Combining the FDM printer with a paste extruder allowed for a high degree 
of dimensional accuracy, as well as simplifying the production process. This aspect of 
the design functioned successfully, without significant faults, and proved a reliable 
fabrication method. 
The later designs used in this study provided the EDLCs extendable by incorporating 
connection jacks. This was to create the possibility to increase capacitance simply by 
connecting multiple EDLCs together. Tests of this feature showed that it worked well, 
with the extendable EDLCs delivering outputs very close to the theoretical maximum 
efficiency of the unit. 
Carbon conductive paint was applied as a current collector and electrode for the 3D 
printed EDLCs in an exploration of metal-free 3D printed supercapacitors. These metal-
free EDLCs were found to provide around 60% of the specific capacitance of the best 
performing EDLC variant produced (silver paint current collectors with activated 
carbon and carbon paint mixture electrodes). 
Although considerable improvement is required to produce EDLC samples with 
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 ABS  Acrylonitrile butadiene styrene  
 AC Activated carbon  
 AM Additive manufacturing 
 ASTM American society for testing and materials 
 BPM Ballistic particle manufacturing  
 CAD  Computer aided design  
 CMC  Carboxymethyl cellulose  
 CNTs  Carbon nanotubes   
 CV  Cyclic voltammetry 
 DOD   Drop-on-demand  
 EBM Electron beam manufacturing  
 EDLCs  Electrochemical double-layer capacitors 
 EIS  Electrochemical impedance spectroscopy  
 ESR  Equivalent series resistance  
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 MWCNTs  multi-walled carbon nanotubes 
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 NGP  Nano graphene platelet 
 LOM Laminated object manufacturing   
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 PET Polyethylene terephthalate  
 PLA  Polylactic acid  
 PPy  Polypyrrole  
 PRI  Pinnacle Research Institute  
 PVA  Polyvinyl alcohol   
 PVDF  Poly (vinylidene fluoride) 
 SWCNT  Single-walled carbon nanotube   
 SEM  Scanning electron microscopy 
 SFP  Solid foil polymerization  
 SLA Stereolithography  
 SLS Selective laser sintering  
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 TEM  Transmission electron microscope  
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A list of symbols is given with a brief description and units used  
Symbol Definition and Units  
 C  Capacitance (F)   
 E  Energy (J)  
 P  Power (W)  
 Q  Stored charge (C)  
 Qtotal  Total supercapacitor’s charge in coulombs 
 V  Voltage (V)  
 ΔV  Voltage of the discharge (V)   
 Δt  Discharging time (s)   
 I  Discharge current (A)  
 Cs  Specific capacitance of the electrode (F/g)  
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Chapter 2 Introduction 
 
 
1.1 Research background  
Energy has become a main focus for world powers and scientific communities.  In 
particular, more efficient devices for energy storage have attracted great attention. One 
device, the supercapacitor, has increased in use significantly over the last decade and 
has the potential to bring about significant advances in energy storage [1-2]. 
Supercapacitors or ultracapacitors are capacitors that use electrode materials with a high 
surface-area to provide increased capacitance. Thus, supercapacitors are considered a 
promising development in the field of energy storage devices. The advantages of 
supercapacitors are their high power density, long life cycle and high reversibility. 
Because of these advantages, supercapacitors have been used in a wide range of 
applications such as for electric vehicles and portable electronics devices [2-6]. 
The construction of supercapacitors is similar to conventional capacitors except that the 
metal electrodes are replaced by electrodes made of porous material. There are three 
common types of supercapacitor: electrochemical double layer capacitors (EDLCs), 
pseudocapacitors and hybrid capacitors. In EDLCs, energy is stored by the formation of 
electric charges at the interface of the porous electrode material and the electrolyte. In 
pseudocapacitors, electrons are transferred between the electrolyte and the electrode 
through fast faradaic redox reactions in order to generate a current. Hybrid capacitors 
utilise a combination of the faradaic and non-faradaic process to store charge. One side 
of the electrode utilises a double-layer (carbon) material and the opposite side (positive 
electrode) uses a pseudo-capacitance material, such as nickel oxide [3, 5-7]. The 
mechanisms of three types of supercapacitor provide fast charge and discharge rates, 
and long cycle lives when compared with rechargeable batteries. In addition, the 
development of advanced nanostructured material offers the possibility of 




Currently, several manufacturing processes for supercapacitors have been developed, 
including the additive manufacturing process that is generally applied in the rapid 
prototyping industry [9-14]. Additive manufacturing (AM), commonly referred to as 3D 
printing, is a method of manufacturing in which a Computer Aided Design (CAD) 
model is used to construct components on a layer-by-layer basis. 3D printing is 
considered a promising tool for the rapid production of 3D objects [15-18]. At present, 
the technologies of additive manufacturing are becoming increasingly capable and 
affordable. They have been applied to create different structures for many applications, 
and using several different materials [18-24]. Current research has focused on the 
development of new materials and the improvement of modern techniques to fabricate a 
wider range of 3D printed components [22-30]. Improvement in 3D printing techniques, 
enhanced by component placement and electrical interconnect deposition, can offer the 
ability to make electronic prototypes as shown in Figure 1.1. These developments 
provide integration of electronic components and interconnect into 3D printed devices.  
This 3D electronics integration is also known as 3D structural electronics or 3D printed 
electronics. 3D printed electronics can be designed with any form, providing a valuable 
improvement on conventional electronics processes [11-14, 18, 30-32]. 
 
 
Figure 1.1 3D printing for the rapid prototyping of structural electronics [32]. 
 
In the last decade, many research groups have developed 3D printed energy storage 
devices, such as microbatteries and supercapacitors. Sun [31] introduced 3D 
interdigitated microbattery architectures (3D-IMA). For the anode and cathode materials 




[89] also showed a zinc microbattery with an ionic liquid gel electrolyte using direct 
write dispenser printing. In this work, a developed dispenser printed a microbattery 
comprising of zinc and manganese dioxide electrodes which sandwich an ionic liquid 
gel electrolyte. Zhao [91] presented a 3D printed electrode for fabricating interdigitated 
supercapacitors using a Selective Laser Melting (SLM) method. In this research, 
pseudo-capacitors were produced using a 3D interdigitated Ti6Al4V electrode which is 
fine metal powder. Zhu [114] reported fabrication of 3D periodic graphene composite 
aerogel microlattices for supercapacitor using a direct-ink writing technique. In this 
study, the 3D-printed graphene composite aerogel (3D-GCA) was produced and 
fabricated as an electrode. Fu [154] introduced graphene oxide-based electrode inks for 
3D printed lithium-ion batteries. In this work, highly concentrated graphene oxide (GO) 
was selected due to its excellent properties, for example a gel-like behavior and a high 
elastic modulus. The GO- based electrode inks with high viscosity were used to 
fabricate lithium-ion battery prototypes using extrusion-based 3D printing. In addition, 
Zhu [14] reviewed 3D printed functional nanomaterials for electrochemical energy 
storage. In this literature, manufacturing of batteries and supercapacitors using different 
types of 3D printing methods were reviewed and showed that 3D printing methods 
enable fabrication of functional nanomaterials with three-dimensional architectures.  
From the above examples, it can be seen that 3D printing processes can be an effective 
method for manufacturing supercapacitors. 3D printing methods significantly expand 
the range of materials and designs which can be used to fabricate the electrodes. This is 
important since the electrical performance of supercapacitors is dependent on the 
material used, the component structure, and the assembly method. 
 
1.2 Aim and objectives of the research 
The manufacturing of supercapacitors can be accomplished using different methods, for 
example, a printing process, a coating process or a 3D printing process. In general, 3D 
printing techniques present several advantages over alternative manufacturing methods. 
First of all, 3D printing offers “freeform” design for all users. For example, complex 
geometries that cannot easily be manufactured using other methods can be created using 
3D printing, because of the additive approach. Furthermore, functional parts with no 




printing technology have provided the opportunity for many new applications and 
different types of material. These advantages of 3D printing lead to the broad research 
question: Are there ways in which to improve the design and manufacture of 
supercapacitors using 3D printing techniques?  
This broad research question can be sectioned into three fundamental facets as follows: 
• How to design and fabricate supercapacitors using 3D printing. 
• How to manufacture extendable supercapacitors using 3D printing. 
• How to characterise the electrical performance of these supercapacitors. 
The aim of this research is to design and fabricate supercapacitors with a low-cost, 
environment friendly, additive manufacturing process. The distinct objectives of the 
research are as follows: 
1) To design a functional shape and structure for 3D printed supercapacitors using 
computer aided design. 
2) To fabricate the extendable supercapacitors using low cost and environment 
friendly materials. 
3) To characterise the electrical performance of the supercapacitors. 
4) To develop metal free supercapacitors. 
5) To investigate factors that affected the performance of supercapacitors. 
6) To improve the electrical performance and the manufacturing process of 
supercapacitors. 
 
1.3 Chapter plan of the thesis  
Figure 1.2 shows Methodology and thesis structure framework. This thesis consists of 
seven chapters described as follow: 
 
Chapter 1 introduces the research background and importance of the research, 
including research questions, aims and objectives, and structure of the thesis.  
  
Chapter 2 reviews relevant fundamental theoretical backgrounds of the supercapacitors 




into 3D printed electronics. Knowledge gaps in the existing literature are identified and 
explored.      
 
Chapter 3 describes the materials, experimental method and evaluation of electrical 
properties used in this study.  
 
Chapter 4 presents the design, fabrication and characterisation of the first modular 
supercapacitor using a combination of inkjet printing and 3D printing. Inkjet printing in 
this study was selected to build the current collector on the EDLC sample. In addition, 
the combination of two 3D printing techniques is introduced. The casing for the device 
consist of two halves joined by a hinge. It can be printed in a single printing process and 
requires no assembly. The manufacturing process and characterisation of these 
supercapacitors are described in detail.  
 
Chapter 5 describes the development in design and fabrication of extendable 
supercapacitors. It is explained how extendable supercapacitors were created in a single 
continuous process including a linking mechanism on the bottom of the supercapacitor, 
which offered the possibility for each frame to be directly connected. Electrode 
thickness, reproducibility and three different combination circuits are discussed in terms 
of electrical performance. 
 
Chapter 6 investigates the different materials used to build current collectors and 
electrodes. Silver and carbon conductive paints were selected to be used as current 
collector materials. Different electrode materials (activated carbon and carbon 
conductive paint) were prepared as three different slurries and deposited to form the 
electrodes of the EDLC samples. Characterisations of the supercapacitors with different 
materials are described. In addition, the chapter investigates the possibilities of metal-
free supercapacitors. Carbon conductive paint was used to form current collector and 
electrode of the supercapacitors. The concentration of carbon conductive paint, 
reproducibility and electrode thickness are analysed and evaluated.  
 
Chapter 7 draws together the conclusions arising from this research investigation as 
















Chapter 3  Literature review 
 
 
2.1 Introduction  
Supercapacitors, also known as electrochemical capacitors, have attracted great 
attention as energy storage devices. Supercapacitors have several advantages over 
batteries, such as higher power densities, longer life cycles and reversibility. They have 
been used as power sources in many applications, for example: portable electronic 
devices, electric vehicles, and emergency power supplies [1-5]. The fabrication methods 
of supercapacitors have been intensively researched and have successfully developed 
various techniques, such as dip coating [33-34], doctor blade coating [35], screen 
printing [36], and inkjet printing [37-38]. These fabrication methods rely on the 
application’s requirement, for example the dip coating method is usually applied to 
fabricate flexible supercapacitors for wearable energy storage devices. 3D printing 
techniques are also one of the several methods that has been developed and used to 
manufacture supercapacitors. The 3D printing method differs from other methods due to 
its scientific theoretical backgrounds and methodologies of depositing behaviours. Thus, 
the scientific understandings of supercapacitor structure and materials, including 
fabrication techniques of 3D printing, are essential. 
This chapter first reviews background and literatures of supercapacitors, after which the 
types of supercapacitors are discussed. The structure and materials used, including the 
manufacturing process of supercapacitors are then introduced, which precedes an 
overview of 3D printing technologies and an introduction to two 3D printing methods 
used in this study: fused deposition modelling (FDM), and paste extrusion system. 
Finally, knowledge gaps are identified and investigated with regards to how fabrication 
of supercapacitors using 3D printing methods are significant and why further research is 





2.2 Background of supercapacitors 
Supercapacitors are currently known by various names: ultracapacitors, electrochemical 
capacitors, or electrochemical double-layer capacitors. The different names derive from 
their different manufacturers. Nippon Electric Company (NEC) were the first company 
to introduce the device into the commercial market, and ever since the term 
“supercapacitor” has been in common usage. Another word commonly used is 
“ultracapacitor”, which originates from the Pinnacle Research Institute (PRI), who 
provided these devices for the US military [3, 5, 8-9]. Within this thesis, the device is 
referred to either by the term “supercapacitor”, or “electrochemical double-layer 
capacitor” (EDLC). 
The operational principle of supercapacitors is the same as for conventional capacitors. 
Conventional capacitors consist of two conductive materials insulated by a dielectric, as 
shown in Figure 2.1. Capacitors can be used to store energy by charging a voltage 
across the two electrodes, causing opposite charges to accumulate on the surface of each 
electrode. The dielectric functions as a separator that insulates the charge, so that an 
electric field is generated and stored [3-10]. 
 
 




Conventional capacitors offer low capacitance, and have been used as energy storage 
devices for almost a century, suitable for low power electronics devices, such as a 
component in an analogue circuit, or a short-term memory back-up supply [7-10]. 
Compared to other energy storage devices, such as electrochemical batteries or fuel 
cells, conventional capacitors provide high power density, but low energy density. 
Power density corresponds to the time that is required to deliver the energy, which 
means the conventional capacitors release energy quicker than a battery. On the other 
hand, conventional capacitors store less energy per unit mass or volume than 
electrochemical batteries (low energy density) [3, 8-10]. Research and developments in 
the past several decades have introduced novel materials and manufacturing techniques 
that have improved the electrical performance of conventional capacitors. Using high 
surface-area and low resistance material, and by improving the charge transfer process 
in the electric double-layer, high-power electrochemical capacitors can be fabricated 
that provide a higher energy density than regular capacitors, and a higher power density 
than standard batteries [8-10]. Despite these improvements, supercapacitors have been 
developed and governed by the similar basic principle as conventional capacitors. 
Nonetheless, EDLC uses high surface areas and thinner dielectrics, which decrease the 
distance between the two electrodes, resulting in increased capacitance [3, 7-10].  
Supercapacitors employ thin dielectric layers and high surface area electrodes to deliver 
higher energy density than conventional capacitors. There is no strict measurable 
characteristic requirement distinguishing a capacitor and a supercapacitor, but generally 
devices termed supercapacitors should deliver an energy density of at least 0.2 Wh/kg, 
and normally several orders of magnitude higher than that. 
Supercapacitors can be employed in a variety of energy capture and storage 
applications, either independently or in combination with batteries or fuel cells. 
Supercapacitors have advantages over conventional energy storage devices in terms of 
their large number of charging-discharging cycles, high power capability, and robust 
thermal operating range. Supercapacitors can store a large amount of charge that can be 
supplied at a higher power rating than rechargeable batteries, however the energy 
density of supercapacitors is lower than that of batteries and fuel cells. This necessitates 
coupling with batteries or other power sources for applications requiring an energy 





As shown in Figure 2.2, a supercapacitor consists of two current collectors, two 
electrodes, and a separator in the middle. The separator is an ion-permeable material 
which not only functions as an insulator preventing electrical contact between the 
electrodes, but also allows ions from the electrolyte to cross over to the other surface. 
Unlike conventional capacitors, which store charges in the dielectric layer, EDLCs store 
energy at the interface between the electrode material and the liquid electrolyte. The 
ions in the micropores of the electrode are transferred between the electrodes by 
diffusion through the electrolyte [6-10].   
 
 








The performance of typical energy storage devices can be represented in the form of a 
graph known as a Ragone Plot. This graph indicates the power density versus the energy 
density of different energy storage devices, as shown in Figure 2.3 [3, 5-10].  It can be 
seen from Figure 2.3 that EDLCs fill a considerable capability gap between 
conventional capacitors and batteries. EDLCs are in the position of providing better 
energy density than conventional capacitors and greater power density than batteries [9-
10]. Furthermore, EDLCs not only bridge the capability gap between capacitors and 
batteries, but also may be used in combination with both energy storage devices to 
enhance their performance. For example, the combination of an EDLC with a capacitor 
might improve its performance in terms of energy density, or combining with a battery 
may enhance its performance in term of power density [5-7]. Moreover, supercapacitors 
are an attractive energy storage device because of their longer life cycle, since there is 
no, or insignificantly little, degradation caused by the small chemical charge transfer 
reactions. Most rechargeable batteries left in open conditions for months will degrade 
and become useless due to self-discharge and corrosion. In contrast, supercapacitors 
maintain their capacitance and thus are capable of being recharged to their original 
condition, although self-discharge over a long period of time can lead to a lower 
voltage. It has been reported that supercapacitors can maintain near full capacitance for 
many years in ambient conditions. Measuring degradation would be of interest but is 
difficult due to the length of time required to gather meaningful observations. [5-10]   
 




2.3 Types of supercapacitors 
Based on the storage mechanisms, supercapacitors can be divided into three typical 
classes: electrochemical double-layer capacitors (EDLCs), pseudocapacitors, and hybrid 
capacitors, as shown in Figure 2.4. Each class presents a different mechanism for 
storing charges, which are: non-faradaic, reversible faradaic redox, and a combination 
of the two [3, 5-7].  
 
Figure 2.4 Types of supercapacitors [3]. 
 
2.3.1 Electrochemical double-layer capacitors (EDLCs) 
In electrochemical double-layer capacitors, charge is stored in a double-layer 
construction. The energy storage is based on the formation of separated electric charges 
at the interface of a porous electrode material and an electrolyte. The charge storage 
process is non-faradaic and chemical oxidation-reduction (redox) reactions should not 
occur [3, 8-10].  
To store energy in EDLCs, potential is applied so the charge accumulates on the 




and enter the micropores of the electrode of the opposite charge. Each electrode can 
produce a double layer of charge because of the engineering of the electrode that 
prevents the recombination of the ions. The charge storage in EDLCs is highly 
reversible because the charge does not transfer between electrode and electrolyte. There 
is no chemical or composition conversion related to non-faradaic processes. For this 
reason, the high cycling stabilities EDLCs offer present the ability to operate with stable 
performance in application [5-10].  
EDLCs are often known as ‘carbon-based supercapacitors’, because of the materials 
used to build the electrodes. A wide range of porous carbon materials have been 
employed in EDLCs, such as activated carbon (AC), carbon aero gels, carbon 
nanotubes, and graphene [5, 8-10]. 
2.3.2 Pseudocapacitors 
In contrast, pseudocapacitors are based on several faradaic mechanisms, for example 
underpotential deposition, redox pseudocapacitance and intercalation 
pseudocapacitance.  In underpotential deposition, a single layer of metal ion is 
deposited onto a different metal surface, for example the deposition of lead onto a gold 
electrode. In redox pseudocapacitance (as in RuO2.nH2O), electrons are transferred 
between the electrolyte and the electrode through a fast a faradiac redox reactions in the 
charge storage process. Intercalation pseudocapacitance arises from the intercalation of 
ions into the layers of redox-active electrode materials accompanied by a faradaic 
charge-transfer without generating phase change. In this regard they are unlike EDLC in 
that the electrons are stored at the electrode, or the electrolyte surface interface, by a 
simply physical process. Fast reversible oxidation/reduction reactions occur, providing 
10 to 100 times the capacitance of pure carbon-based EDLCs [3, 5-10]. 
Ruthenium oxide is one of the comprehensively investigated materials for 
pseudocapacitors. This metal provides various redox stages, for example Ru (IV) / (III) 
and Ru (III) / Ru (II) in sulfuric acid (H2SO4), which can supply more electron transfer 
to increase the capacitance [5-8]. Although ruthenium oxide offers excellent electrical 
performance; its high cost and toxicity limit its practical application in supercapacitors. 
For this reason, how to improve less toxic and less expensive materials has been 
frequently studied. This has led to the introduction of different pseudocapacitor 




alternative materials can provide promising electrical performance, however they are 
still lacking in terms of long cycle stability [5-10]. 
Faradaic reactions are electrolytic reactions that obey Faraday’s law of electrolysis: that 
the mass of the substance liberated at the electrode is proportional to the charge passed 
through the substance. Derivatives of these reactions may also be described as faradaic. 
Both faradaic and non-faradaic reactions can occur in electrode reactions. This is 
relevant to the difference between pseudocapacitors and EDLCs (two types of 
supercapacitor), because pseudocapacitors generate relatively more faradaic reactions. 
2.3.3 Hybrid capacitors 
Hybrid capacitors utilise a combination of the faradaic and non-faradaic process to store 
charge. One side of the electrode utilises a double-layer (carbon) material and the 
opposite side (positive electrode) uses a pseudo-capacitance material, such as nickel 
oxide [3, 5-7]. In addition, these supercapacitors can be assembled using different 
mixed metal oxides or doped conductive polymer materials. The hybrid capacitors can 
give higher energy densities than double-layer capacitors due to the electrochemical 
redox occurring at the faradaic electrode. However, employing faradaic materials for 
manufacturing electrodes in hybrid capacitors may decrease cycle stability [8-10].  
To summarise, supercapacitors can be divided into three types according to their 
mechanisms. The electrochemical double-layer capacitor has presented several 
advantages such as high power density, long cycle stability and high reversibility. 
Electrode materials used to fabricate are reliant on carbon materials which provide easy 
processing, low costs, non-toxicity, higher specific surface area and good electronic 
conductivity. Based on these advantages of the device, including materials used, EDLC 
was selected to investigate further in terms of cell design and material used, including 
manufacturing techniques. This investigation focuses on the fabrication method of 
supercapacitors with the purpose of being environmentally friendly and cost-effective. 
                                                              
2.4 Supercapacitor components and materials 
As mentioned above, the electrochemical double-layer capacitors are comprised of two 
current collectors, two carbon-based electrodes, an electrolyte and a separator. All 




performance [5]. Selection of materials used in each part, such as electrodes, electrolyte, 
and conductive current collector, requires careful attention. Moreover, the 
manufacturing process of the supercapacitor also need be considered in terms of cost 
and safety [10]. 
2.4.1 Electrode materials 
In EDLC, capacitance and charge storage heavily depends on the electrode materials 
used. The electrode materials in EDLC can be fabricated from different forms of 
carbon, for example activated carbon (AC), carbon nanotubes (CNTs), carbon aerogel, 
and graphene. All these carbon materials share common qualities such as large surface 
area, porosity, good surface wettability, high conductivity, and long cycle stability [39-
47].  
The wettability of a solid is the extent to which contacting liquids will tend to spread 
across its surface, and hence spread within a porous form of the material. The 
wettability of a solid is usually quantified by measuring the contact angle of a droplet of 
water placed on a flat surface of the solid material. The relationship between the wetting 
contact angle and the surface tensions or surface free energies at interfaces are described 
by the capillary equation of Young [186]: 
𝜎𝑠𝑠 −  𝜎𝑠𝑠 +  𝜎1𝑠 𝑐𝑐𝑐 𝜃 = 0 
where σsl, σsv, σlv are the surface tensions for solid-liquid, solid-vapour and liquid-
vapour interfaces, respectively, and θ is the contact angle. According to Young's 
equation, an increase in the surface tension of the solid-liquid and liquid-vapour 
interfaces is associated with a decrease in wettability. 
The wettability of carbon material is of considerable importance in maximizing the 
access of electrolyte to the surface of porous carbon electrode. Selecting an activated 
carbon electrode with high specific capacitance is one of the primary focuses in the 
development of supercapacitors. Surface modification is believed to be an effective 
means to achieve this goal. A properly modified activated carbon can increase 
wettability, allowing electrolytes to readily penetrate the smaller pores [41]. 
1) Activated carbon (AC) AC can provide high surface area due to its complex porous 




electrochemical double-layer, stores charges principally at the interface between the 
electrode and the electrolyte. Hence, the surface area of the carbon that can be 
accessible to the electrolyte is directly related to the capacitance. The specific 
capacitance of AC ranges between 50 and 200 F/g depended on electrolyte used [39-
40]. 
There are many important factors that influence the electrical performance of carbon 
material: specific surface area, pore size distribution, pore shape and structure, and 
electrical conductivity. The most important factors, among these, are specific surface 
area and pore size distribution. In general, larger specific surface areas of AC possess a 
higher capability for accumulating charge at interface of the electrode/electrolyte [39-
43]. In order to increase the specific surface area, many studies have investigated using 
different treatment techniques, such as heat treatment, alkaline treatment and plasma 
surface treatment with NH3. By using these treatment methods, carbon surface can be 
efficiently made into micropores resulting in increases in the specific surface area [41-
43]. Lota et al [137] have presented a simple method to re-activate a commercial AC 
using KOH at 850 ºC as shown in Figure 2.5. The results showed that the specific 
surface areas of the commercial AC were re-activated, which resulted in increasing the 
specific capacitance of the carbon material. The specific capacitance of the re-activated 
carbon material was three times higher than that of the commercial AC. 
 





Even though specific surface areas are directly linked to the capacitance, for activated 
carbon material in practice, not all the increase in surface area translates to increasing 
the capacitance of the device. The pore size distribution is one of factors that directly 
affects electrical performance of EDLCs, because it affects the diffusion of electrolyte 
ions [40-44]. Pore size can be split into three categories: micropore (d <2 nm), 
mesopores (2 nm < d < 50 nm) and macropores (d > 50 nm). The analytical method, 
known as the Bruaver, Emmett and Teller (BET) technique, is usually employed to 
measure the surface area of the porous carbon material. In this method, gas that has no 
chemical reaction with the surface material is utilised to quantify the specific surface 
area of the porous material by calculating the total adsorbate gas relative to a 
monomolecular layer on the surface [113].  It is believed that electrolyte ions cannot 
permeate all micropores in the carbon electrode layer which causes some micropores to 
be unable to contribute to charge storage. As a result, the optimal pore size must be 
selected in relation to the size of the ions in the electrolyte solution [40-44].  
There have also been studies into the pore distribution of different carbon. [113-114] 
For example, Grylewicx et al. [113] have reported the effect of pore size distribution of 
coal-based activated carbons on EDLC with an acidic electrolyte. The results indicated 
that a large surface area of AC, with the optimum range of mesopore content between 
20% and 50%, was suitable for AC material in EDLCs.   
An additional factor that should be of concern is the conductivity of the electrode, 
which affects the power density of EDLCs. Conductivity is related to the particle size of 
materials. Materials that have good conductivity typically have a large particle size 
which, because of the reduced surface area, decreases their potential for energy storage. 
Correspondingly, materials with high surface area generally have smaller particle sizes 
and thus higher electrical resistance. So, there is a trade-off. Power density of EDLCs 
can be enhanced by using activated carbons with larger pores, but this decreases its 







2) Carbon nanotubes (CNTs) CNTs are a form of engineered carbon that is attractive 
to use as a capacitor electrode material due to certain distinct and useful characteristics. 
CNTs are comprised of graphitic walls constructed in near one-dimensional (1D) 
cylinders as shown in Figure 2.6. CNTs offer superior properties, such as large area of 
exposed surface, several storage spaces for electrolyte ions, high electrical conductivity 
and also some highly desirable mechanical properties. CNTs can be divided into two 
classes: single-walled nanotubes (SWCNTs) and multi-walled carbon nanotubes 
(MWCNTs). The thickness of the tubes determines these classes. [3, 5, 122].   
 
Figure 2.6  (a) Transmission electron microscope (TEM) image of catalytically 
grown carbon nanotubes. (b) Scanning electron microscope (SEM) image of a 
carbon nanotube forest [5]. 
Supercapacitor electrodes made from CNTs are generally grown as an entangled mat of 
carbon nanotubes, with an open and accessible network of mesopores. This causes 
electrolytes to diffuse more easily and helps decrease the equivalent series resistance 
(ESR). In addition, the connection between mesopores allows for the usage of almost all 
the available surface area, so the charge can be evenly distributed upon charging [3, 5]. 
The ESR of CNT electrodes can be further reduced using modern fabrication methods 
and preparation processes. For example, CNTs can be grown directly onto the current 
collector, or enhanced through heat-treatment. Chen [123] has reported on the method 
for CNTs electrode fabrication by growing the CNTs onto graphite foil. This method 
was shown to minimize the contact resistance between the current collector and the 




maximum specific capacitance obtained was about 115.7 F/g at scan rate 100 mV/s in 
1.0 M H2SO4 aqueous solution. 
CNTs can store specific capacitance between 15 and 200 F/g depending on the 
morphology and purity. Chemical vapor deposition and carbon arc discharge are the 
currently implemented techniques for producing lab-scale quantities of high purity 
CNTs. Nonetheless, these methods require further research in order to scale up 
production and purification [5].  
3) Graphene Graphene is an allotrope of carbon in the form of flat 2-D honeycomb 
monolayer sheets. It is the basic building block of all graphitic carbons, such as particle, 
1-D CNTs, and 3D graphite as showed in Figure 2.7 [124, 127]. Graphene offers large 
surface area, as well as high thermal and electrical conductivity, chemical stability and 
mechanical strength.  
 
 
Figure 2.7 Illustration of 2-D graphene sheet as the basic construction units for 





These properties distinguish graphene from other carbon materials and make it 
increasingly the most advanced material for supercapacitor applications [125-126]. 
There are several techniques used to produce graphene sheets, such as chemical 
exfoliation [128], epitaxial growth on SIC surface [129], mechanical exfoliation [130], 
unzipping carbon nanotube [131], and chemical vapor deposition [132]. These different 
production methods have a significant effect on the properties of the graphene 
produced. For example, while the highest quality graphene could be produced using a 
chemical exfoliation method, the chemical vapor deposition method could improve the 
productivity of the graphene [128, 132]. 
In theory, graphene may possess a maximum surface area of 2675 m2/g, and hence a 
maximum capacitance of 550F/g when all the surface area is entirely employed. In 
practice however, the specific capacitance of graphene, especially graphene sheet, is 
usually limited to between 100 and 200 F/g due to agglomeration and restacking [5]. In 
order to reduce restacking, Wang [133] have introduced the use of a combination of 
CNTs as a spacer between graphene sheets as shown in Figure 2.8. This significantly 
expanded the capacitance to 318 F/g. 
 







Other methods also have been demonstrated. Zhu [134] managed to extend the surface 
area of graphene using KOH-activated graphene. By exposing hidden graphene sheets 
and producing extra pores resulted in an increased surface area of up to 3100 m2/g. 
Hassan [135] have tested a method to increase the electrical conductivity and promote 
graphene-ion interaction within the electrolyte. In this method, nitrogen atoms were 
doped with graphene planes to increase the capacitance to 194 F/g as shown in Figure 
2.9. 
 
Figure 2.9 Nitrogen-doped graphene structure. [133]. 
 
Although graphene has been continuously studied as an electrode material for 
supercapacitors, practical applications have yet to be realised. This is due to the 
difficulty of manufacturing the material to a high-quality standard in a reliable and 
scalable approach [136] 
In summary, activated carbon (AC) seems the ideal material for EDLC fabrication, as it 
is inexpensive, easy to process, non-toxic, and has a high specific surface area and good 
conductivity. In this study, AC (AR grade, 1375 µΩ⋅cm) purchased from Sigma-Aldrich 
was selected to build the electrode for the EDLC sample.  
2.4.2 Current collector for EDLC 
In EDLCs, both electrodes are generally formed on metal current collectors, such as 
aluminium foil and copper foil for the anode and cathode respectively. EDLC devices 




electrode is inadequate [5-6, 9-10]. The material used as current collectors in EDLCs 
must be electrically conductive, and resistant to chemical weathering caused by the 
electrolyte solution.  Based on these requirements, the standard materials used for 
current collectors are aluminium, steel, and iron [48-49]. During the charge and 
discharge processes in a supercapacitor, current collectors allow the flow of charge 
carriers (electrons) through an external circuit between the active materials. Therefore, 
an effective surface contact between the current collectors and the electrodes is 
necessary to decrease the contact resistance. Otherwise, a high interfacial resistance can 
result from oxidation which arises from unstable electrochemical materials in both the 
current collectors and electrodes [5-6, 49-51].  
Current collectors are an important component in terms of the performance of EDLCs. 
Efficiently designed current collection could achieve current densities around 30 A/g, 
energy densities around 40 Wh/kg, and a power density of 40 kW/kg. Deficiencies with 
the current collectors can see this performance reduce markedly however. 
Creating firm, low resistance connections between the electrode and the collector is a 
particularly important aspect for maintaining the performance of the component 
materials. To improve the molecular contact between the electrode and the collector, 
electrode pastes or deposits can be applied or grown directly onto the collector. 
Examples of such methods include spin coat, drop coat, spray coat and electrode paste 
application. When combined with the use of a conductive coating very low resistances 
can be achieved. Alternatively, thin lead and gold films have been demonstrated to be 
effective in combination with graphene, and silver paste has been widely used to create 
an efficacious contact with roughly surfaced active materials. Connectivity becomes 
even more important when electrodes are free-standing, since contact is not fixed. When 
it is impossible to make a firm contact through a drying or annealing process, high 
pressure lamination is necessary to reduce resistance and maintain component 
performance.  
As well as connectivity causing resistance, internal resistance can also be a substantial 
issue. Electrode pastes with poor conductivity or percolation can result in suboptimal 
conduction pathways through the electrodes and hence internal electrical resistance. The 
important factors to consider to limit internal resistance are the active materials used 
and the binding quality of the electrode fabrication. Substandard binding can not only 




failure. One method to reduce internal resistance is to apply a conductive carbon filler 
which may improve percolation by up to 20%.  
Current collectors and conductive pastes also should be considered in terms of their 
mass. Since various performance measures are evaluated on a per gram basis, 
maximising performance must also involve minimising non-capacitive weight. Effective 
cell designs should use only thin and non-heavy collector metals, and minimal paste 
additives. 
Degradation can also be a significant problem for current collectors, especially over a 
long cycle period. As well as the gradual loss of the electrode material to the electrolyte, 
metal current collectors can reduce in size. This results in a lower cycle life and 
capacitance of the device. Hence the combination of materials used must be carefully 
considered with expected operating temperatures in mind. 
In addition, it is also important to consider how the current collectors will affect the 
efficiency of heat transfer. Metals with high thermal conductivity are ideal in this 
respect, as they allow heat to transfer quickly to the end plate for passive cooling via 
heat sinks. Amongst the most regularly used are aluminium foils. As well as good 
thermal transmission, they are also cheap, lightweight, and have good electrical 
conductivity. 
Many researchers have reported different methods of improving the performance of 
current collectors in supercapacitors [48, 142-149]. Yu et al [142] reported to use 
stainless steel fabrics as the current collectors in order to fabricate graphene-based 
supercapacitors. Mehrabi-matin et al [143] presented a silver fiber fabric (SFF) and 
stainless steel foil as the positive and negative current collector, respectively.  Portet et 
al [144], have introduced a sol-gel deposit of a conducting carbonaceous material for 
modification of an aluminium current collector surface. In this method, the film 
consisting of carbonaceous material powder in a polymeric sol was coated onto 
aluminium foil to use as a current collector in a supercapacitor system. Another study 
by Bo et al [145] presented vertically oriented graphene (VG) nanosheets covering a 
surface of nickel foam using the plasma-enhanced chemical vapour deposition 
(PECVD) process. In this study, the VG nanosheets were applied as a bridge to improve 
the connection between current collectors and active electrode material. There are also 




problems of current collectors [48, 146-149]. In most of these works, current collectors 
were fabricated using graphite foil or carbon nanotubes using coating method on 
different thin films. Zhou et al [146] employed super-aligned carbon nanotubes as a 
nanoporous current collector. Super-aligned carbon nanotubes were produced that 
combine the advantages of carbon nanotubes and metal oxide nanoparticles and were 
made into a thin film applied to the current collector. Dyatkin et al [147] reported a 
green supercapacitor using environmentally friendly materials. In this study, three 
different carbon materials (carbon nanotubes, carbon fibre mat and graphite-foil sheets) 
were examined and the results showed that graphite-foil sheets have sufficient 
conductivity and are suitable for use as current collectors. Thin film supercapacitors in 
work by Liu et al [148] were created by combining all-carbon thin films with plastic 
paper and gel electrolyte. Current collectors in these supercapacitors were made from 
highly-conductive double-wall carbon nanotubes, (DWCNT) coated onto plastic papers. 
Also Xu et al [149] reported a supercapacitor with a high capacitance using a metal-free 
electrode material. In this research, polyaniline (PANI) and graphene composite 
monolith were constructed which showed a record high volumetric capacitance of over 
800 F cm-3. Moreover, there is another research in metal-free supercapacitors using an 
aqueous electrolyte and low-cost carbon materials introduced by Blomquist et al [48].   
To conclude, when selecting the material for the current collectors of an EDLC, the 
material should have low volume resistivity, good conductivity, and chemical stability. 
2.4.3 Electrolytes for EDLC 
Aside from the electrode, performances of supercapacitors also rely on the electrolyte. 
The type of electrolyte is used to define the operational voltage window of a 
supercapacitor. For example, for EDLCs with an aqueous electrolyte, an operating 
voltage of 1.0 V is usually defined. Meanwhile, a supercapacitor with an organic 
solvent can achieve a working voltage in the range of 2 - 2.5 V [5-6, 9-10]. Moreover, 
the electrolyte affects the power density and energy density of the supercapacitor. While 
the resistivity of the electrolyte can limit the power density, energy density can also be 
limited by the ion concentration and operating voltage of the electrolyte [5-6]. In 
addition, it is believed that the resistance of the EDLC cell effectively relies on the 
electrolyte’s resistivity and an appropriate ion size of the electrolyte related to the pores 
of the electrode particle. The electrolyte in EDLCs can be divided into two types: 




1) Aqueous electrolytes, such as sulfuric acid (H2so4), potassium chloride (KCI), and 
phosphoric acid (H3PO4), are commonly used as aqueous electrolytes in research stages. 
They offer abundance, low cost, easy handling in an open environment, and low ionic 
resistivity. EDLCs with an aqueous electrolyte normally have a working voltage of 
about 1.0V, and they normally possess resistivity of about 1 - 2Ω⋅cm, which is lower 
than the resistivity of those with an organic electrolyte (20 - 60Ω⋅cm). Therefore, the 
pore size of electrodes in EDLCs using an aqueous electrolyte is required to be larger 
than for EDLCs using an organic electrolyte [6, 10]. 
2) Organic electrolytes, such as acetonitrile and propylene carbonate (PC), are usually 
employed in commercial supercapacitors. This type of electrolyte provides a wide range 
of operating voltage windows from 2.2 - 2.7V. This property allows the organic 
electrolyte to provide the energy density to the commercially required standard. By 
comparison, acetonitrile has a lower ion resistivity than PC, but it is toxic and 
flammable which causes an issue for practical safety [5, 9-10]. There are studies in 
effect of electrolyte in EDLCs which investigate the degradation of carbon electrodes in 
EDLCs when using an organic electrolyte. The results demonstrate that the pores of the 
electrodes are blocked by the decomposition of the organic electrolyte which decreases 
its capacitive performance and cyclic stability [52-53].  
In conclusion, the operating voltage of a supercapacitor is dependent on the operating 
voltage of the electrolyte and this directly affects the energy density. Power density also 
relies on the electrolyte conductivity. To select an appropriate electrolyte, the size of 
electrolyte ions in relation to the pore size of the electrode particle should be 
considered. In this study, aqueous electrolyte (phosphoric acid, H3PO4) is selected 
because of its advantageous high conductivity, low cost and simple preparation at 
ambient conditions. The size of the ion is also suitable for the pore size of the electrodes 
used. 
2.4.3 Separators 
Most research in this area has attempted to discover ways to improve the performance 
of EDLC electrodes, however there is still limited research that investigates the 
engineering of separators. The separators used in supercapacitors can be made of 
polymers, glass, ceramics, or cellulose paper, depending on the type of electrolyte used 




supercapacitor is to prevent the incidence of electrical contact between both electrodes, 
and to provide ions transfer to the electrolyte [5-6]. A poorly designed separator can 
increase resistance in the cell and also, in the worst cases, cause a short circuit. To select 
an adequate separator, the following must be considered: 
1) Nonconductive (electron cannot transport between electrodes) 
2) The electrolyte ion permeability with low ionic resistance 
3) The chemical resistance to both materials used as electrolyte and electrode 
4) Easily wetted by electrolyte [5-6, 9-10].  
A separator is usually a porous membrane/mat sandwiched between anode and cathode. 
Its main function is to physically separate the anode and cathode to avoid electrical 
short circuits, and at the same time provide a pathway for ionic charge carriers transport 
in liquid electrolyte throughout the interconnected porous structure. The wettability of 
separator can affect the internal ionic resistance and the electrolyte filling time during 
cell assembly. An optimal separator should absorb the electrolyte droplet 
instantaneously upon contact. Improving the wettability of the separator by means of the 
electrolyte contributes to decrease physical resistances caused by the separator for ions. 
EDLCs with organic electrolytes typically use microporous polymers and cellulose 
paper separators, while the devices with aqueous electrolytes conventionally use glass, 
mica or ceramic separators. Paper-based separators are not appropriate for EDLC that 
operate in high temperature environments due to their poor mechanical strength [9]. 
Polyolefin-based separators, however, offer numerous advantageous properties, such as 
high porosity, flexibility, low cost, improved mechanical strength, and corrosion 
resistance. This material continues to displace natural materials, such as glass and 
cellulose fibres, due to its superiority in those properties. Polyolefin separators can also 
be employed in both electrolyte systems, although it does have a significant drawback 
when used with aqueous electrolytes: its hydrophobic effect complicates the wetting of 
the electrolyte. To overcome this difficulty, graft polymerisation can be used treat the 





The structure of the separators can be classified into four types: microporous films, 
nonwovens, gel polymers, and solid polymers. Microporous films are usually made 
from nonwoven fibres, such as cotton, glass, polyester, polyolefins (PP and PE), or 
PVC. These films comprise of copious minute pores (5 to 10 nm in diameter) and are 
regularly utilised in lower temperature devices. In addition, microporous separators are 
generally used with both electrolytes (organic and aqueous electrolyte). Nonwovens 
present consistent thickness, weight, and degradation resistance, but they possess 
inefficient pore orders and are difficult to manufacture thinner than 25 µm. Nonwovens 
are commonly made from PTFE, PVC, PVdF, or a combination of polyolefins, and are 
the preferred separator for use in alkaline systems [9]. 
2.5 Manufacturing processes for supercapacitor 
Supercapacitors can be fabricated using several techniques depending on application 
requirements [10]. The parameters in different manufacturing techniques differ between 
commercial products and research devices. The manufacturing process of 
supercapacitors has been studied and developed for several decades [10-14]. A wide 
range of fabrication techniques have been demonstrated, such as doctor blade coating 
[35], dip coating [33-34] including printing methods, such as screen printing [36], roll-
to-roll printing [54], and inkjet printing [37-38]. 
2.5.1 Dip coating method 
Dip coating is a method where a substrate is immersed with coating material in a 
suitable container, then retracted from the container. The wet coating material on the 
substrate is forced to dry to complete the coating layer as shown in Figure 2.10. This 
method is applied in a variety of industry for coating primer material on substrate or 
one-coat finish. The advantages of the dip coating method are simplicity, low cost, good 
coverage, and consistency [115]. 
 




The dip coating method can also be used to manufacture supercapacitors. Several 
researchers have applied this method to fabricate the electrodes or the electrolyte for 
EDLCs. For example, Harrison [116] has presented a coaxial single-fibre supercapacitor 
for energy storage. A stainless steel was coated with Chinese ink, gel electrolyte, active 
carbon, and silver conductive paint, using dip coating method. This fibre supercapacitor 
obtains the specific capacitance per unit area and length at 3.18 mF cm−2 and 0.1 mF 
cm−1, respectively, for a 2.6 cm supercapacitor. 
Alternatively, Yang [117] used a dip coating method to coat the electrolyte to fabricate 
a fibre-shaped supercapacitor. In this study, elastic fibre was dip-coated with electrolyte 
and then wrapped with carbon nanotube sheets to complete the structure of the 
supercapacitor. The maximum specific capacitance was 19.2 F g−1 with a thickness of 
330 nm for the fiber-shaped supercapacitor. 
2.5.2 Screen printing method 
Screen printing is one of printing technologies that has been used for several years in 
electrode fabrication. This method provides a wide range of thickness of printed image 
depending on the thickness of the screen mesh. The thickness of a screen-printed image 
is usually in the range of several tens of microns to 100 µm with a single pass of 
printing.  In screen printing, a squeegee is used to squeeze the ink or paste material 
through the mesh with low printing pressure as shown in Figure 2.11 [120].  
 
 





There are many studies that have used screen printing as a method to fabricate the 
supercapacitors. Xu [118] fabricates the thin film supercapacitor using screen printing. 
In this study, NGP/PANI inks with different weight ratios were used as electrode 
materials on a thin film. NGP/PANI 1:2 was found to be the most suitable material and 
showed the highest specific capacitance at 177 F g−1.  In addition, Tehrani [119] studied 
a large-area printed supercapacitor using the screen printing technique. In this research, 
the current collector, electrode, electrolyte materials, and adhesive were sequentially 
printed onto a polyethylene terephthalate (PET) substrate. The supercapacitor with 
thickness of 375 µm recorded a capacitance ranging from 50 to 400 mF.     
2.5.3 Doctor-blade coating method 
The doctor-blade coating method is a commonly used method for making thin films on 
large area surfaces. In this method, a sharp blade is used to spread the ink or slurry onto 
the substrate. As shown in Figure 2.12, the blade is set in a specific distance from the 
substrate to control the thickness of the coating material. This method can be applied 
with a stencil mask to create a specific pattern.  
 
 
Figure 2.12 Schematic diagram of Doctor-blade coating method. 
 
Doctor-blade coating method is commonly used to fabricate the electrode material of 
the supercapacitors. Tiruye [121] used this method to coat AC ink onto aluminium 
current collectors to manufacture solid state supercapacitors. Zhang [33] has also 
applied this technique to fabricate flexible strip supercapacitors. In this study, the AC 
slurry was coated on the stainless steel strip using a sharp blade. A slot in a component 




2.5.4 Inkjet printing  
Inkjet printing is a non-impact printing processes providing several advantages and is 
widely used for small-scale production (home and small office). In this process, an 
electronic signal sent to the print head is used to generate pressure and force droplets of 
ink onto the substrate. A commonly used variant of the inkjet method is the drop-on-
demand (DOD) technique. As shown in Figure 2.13 and 2.14, the DOD technique can 
be classified further into thermal inkjet and piezoelectric inkjet. 
 
Figure 2.13 Functional principles for thermal inkjet [112]. 
 
 






In recent years this printing process has increasingly been used in commercial printing 
and it is also attractive for particular manufacturing applications because of several 
advantages as follows: 
1) It is a digital printing process. The deposited material can be delivered on an x-y 
grid and there is the potential to change the placement of droplet material in the 
real time if necessary. For example, when misalignment on the substrate occurs, 
each droplet can be adjusted in the real time to ensure that the pattern is in the 
correct position.  
2) It is a non-impact printing process. It can deposit the image without contact to 
the substrates. This means fragile substrates can be printed that are not possible 
with other commercial printing processes.  
3) It can print several different materials onto different surfaces. In addition, inkjet 
printing can combine with other manufacturing methods or integrate with 3D 
printing techniques [108-112].  
In the past two decades, inkjet printing has been afforded great attention in scientific 
research. The inkjet process has been adapted to create different patterns using 
functional materials in the development of the printed electronics devices. This process 
enables the creation of line and space dimensions as small as 10 - 20 µm, which 
provides higher resolution of patterns than conventional printing such as screen 
printing. Nowadays, several electronic devices, such as flexible displays, radio 
frequency identification (RFID) tags, energy-harvesting sensors, and energy storage 
devices, can be manufactured using this process [95-107]. These printed applications 
are fabricated using conductive ink in order to create electronics function. The 
conductive ink can be based on different material such as silver [98, 103], copper [101], 
carbon nanotube, [96, 99-100] and conductive polymer [96, 105-106]. 
The conductive inks based on silver have received a great deal of interest due to their 
excellent conductivity and anti-oxidation properties. Jung et al. [98] have reported on 
the practicability of using the inkjet process for the fabrication of conductive ink in a 
printed circuit. The results indicated that samples sintered at 250 ºC for 20 minutes 






The different resolution setups in this experiment significantly affected line creation due 
to the overlap of the dots. Nie et al. [103] have studied silver citrate conductive ink on a 
PET substrate using the inkjet process as shown in Figure 2.15. In this study, the 
conductive ink can be cured at relative low temperature due to the formation of silver. 
The ammine complex and the film, as shown in Figure 2.15, obtained the lowest 
resistivity of 17 µΩ when cured at 150 º C.  
 
Figure 2.15 silver citrate conductive ink was printed in patterns of a 20 mm x 50 
mm rectangle on PET substrate using inkjet printing [103]. 
 
In addition, a new technology has been introduced to fabricate multi-material freeform 
3D objects, which enables the building of complete functional electronic devices [55-
56]. This technology - known as additive manufacturing (AM), though more commonly 
referred to as 3D printing - is a method of manufacturing in which a model designed by 
Computer Aided Design (CAD) is captured and then subsequently constructed on a 
layer by layer basis [15-18]. With 3D printing, many researches have been able to 
investigate new materials and techniques to create energy storage devices, such as 
microbatteries and supercapacitors [11-14]. 
2.6 3D printing technologies for energy storage devices 
3D printing or additive manufacturing (AM) was originally referred to as rapid 
prototyping. Rapid prototyping (RP) was the term used to describe the process of 




final product, which is regularly employed in a variety of industries. The development 
of RP machines has improved the quality of the output prototypes, so some parts created 
using these machines are now sometimes used in final products, therefore the term rapid 
prototyping was no longer appropriate. All RP technologies basically use additive 
approach in order to fabricate parts, so the term ‘additive manufacturing’ was adopted 
by the ASTM International Technical Committee. There are, however, several other 
terms that have been used to explain this technology, for example: Autofab, freeform 
fabrication, and most popularly, 3D printing. 
2.6.1 Principles of 3D printing   
Recent developments in manufacturing have been focused on 3D printing methods 
which can offer several advantages for rapid production of 3D objects. 3D printing is a 
term for a method of additive manufacturing of 3D objects directly from Computer 
Aided Design (CAD) files. From the digital file, 3D printing technology constructs 3D 
objects in a bottom-up manner on a layer by layer basis [17-19, 63]. 3D printing 
techniques present several advantages over traditional manufacturing methods. 
Compared to conventional manufacturing processes, 3D printing methods present 
unique capabilities as follows [19, 63]: 
1) Design Flexibility: 3D printing enables the creation of practically any complex 
geometric shape. In conventional processes, the design of freeform specimens is 
limited because of the technical issues surrounding the need for mechanical 
fixtures, such as cutting in invisible zones or the possibility of collisions. 3D 
printing techniques also provide the ability to deposit multi-materials in precise 
positions according to the designed functionality of the objects.   
2) Dimensional accuracy: The term “dimensional accuracy” refers to print 
tolerance, which determines the dimensional difference between the finished 
model and the digital design. In the early days of 3D printing development, the 
resolution and accuracy was not of great concern since it was largely being used 
to create prototypes; however, modern improvements to 3D printers facilitate 
more accurate print tolerance and can be expected to deliver completed finished 
parts. 
3) Single-part assembly: Another possibility of 3D printing is the ability to create 
single-part assembly products that contain integrated mechanisms which would 




In 3D printing, support material (called unbound/sintered powder) is applied to 
carry the parts and joints, then it must be removed after completing the printed 
part so that the single-part assembly can be completed. 
4) Personal, on-demand fabrication: Because of the digital characteristics of the 
method, 3D printing offers the capability for products that require low-volume 
production or customisation, for instance home accessories or collectables. 
Improvements in 3D printing technology offers the possibility of manufacturing a wide 
range of applications for many purposes. These developments also transform the 3D 
printing method to be applied to a low-cost, affordable, desktop printer, which opens it 
up to a wider user base that has access only to a small manufacturing platform [16-20]. 
2.6.2 The generic 3D printing process 
There are a number of fabrication steps that transform the virtual designed object to the 
physical finished part. Products manufactured using 3D printing can be involved in 
different steps depending on the design. Prototype products may require fewer steps to 
complete the rough parts with lower resolution and high printing speed, while an actual 
product demands more steps of the process, for example surface preparation, careful 
cleaning, and post-processing before it is used. There are seven basic steps that engage 
in 3D printing as follow: 
1) Step 1: Design in solid modelling software. The first step is to design the part 
using solid modelling software such as computer-aided design (CAD) software, 
for example, SolidWorks®. To design parts using these types of software, the 
geometry must be fully described and the output should be in 3D. Alternatively, 
optical scanning can also be used to create the digital design. Once the design 
has been finalised, a 3D model must be converted or exported to an STL file and 
almost all solid modelling software can export to this file format.  
STL (Standard Triangle Language) files are the industry standard file type for 
3D printing. It uses a series of triangles to represent the surface of a solid model. 
For the last two decades, the STL file format has also been the industry standard 
for transferring information between design programs and the software specific 
to a given additive manufacturing hardware. An STL file contains information 
only about a surface mesh (digital geometry), and has no provisions for 




Several extensions to this remit have been proposed, but not widely accepted. 
The surface is represented by an unordered list of triangles, and each triangle is 
defined by 12 floating point numbers. A 3D surface normal is defined, followed 
by three coordinates that define the vertices of the triangle in three dimensions. 
Already, this contains redundant information, since the surface normal can be 
calculated from the order and location of the three vertices. By default, the right-
hand rule is used to define the direction of the normal based on the order the 
points are encoded. Since each triangle is represented separately, each vertex 
must be written repeatedly for every triangle that shares that vertex (three or 
more times). This introduces leaks, where small rounding errors result in vertices 
that do not precisely line up, which make subsequent slicing algorithms 
ineffective without an intermediate "welding" step to repair these defects.  
Also, the STL file has no provisions for defining the physical units intended. 
Even though pre-processing software can make an educated guess between 
inches or mm depending on the build size of the machine, there is still 
unnecessary ambiguity. An additional point of confusion regarding the STL file 
is that in fact there are two separate file formats that may be used: binary and 
ASCII. The ASCII version exists to make the format human readable, but the 
binary version is often used by mature programs to minimize storage space. 
2) Step 2: Conversion by slicing software. The 3D printer requires the instruction 
for each layer to be built, and slicing software is used to achieve this. The slicing 
software takes a 3D model (in STL file format) and slices it in to thin layers to 
generate a G-code. This software is usually open-source or provided by the 
machine manufacturer, though commercial software is available. It needs to be 
noted that G-code is usually applied in fused deposition modelling and paste 
extrusion systems. Other technologies may use different programming language 
to control the machine. Nevertheless, slicing the design into thin layers is the 
basic technique commonly used by all 3D machines. 
3) Step 3: Transfer to 3D printer. After the STL is converted into thin layers, it 
must be transferred to the 3D printer. In general, the slicing software can be 
directly transferred to the machine, while some technology requires saving the 




4) Step 4: Printer set up. Before printing, the 3D machine must be set up in 
accordance with the required printing parameters, e.g. the height of extrusion 
head, material constraints, etc. 
5) Step 5: Printing. Construction of the part is an automated process. The printing 
time relies on printing parameters, such as speed of printing, infill density.  
6) Step 6: Removal. When the part is completely built, it must be removed. With 
some 3D techniques, the part can be ready to use without post-processing.  
7) Step 7: Post-processing. Post-processing is the step required for cleaning up the 
part which may involve applying a cleaning solution. Supporting materials are 
also removed as part of this process, so that the part is ready for use [63]. 
2.6.3 Classification of 3D printing processes 
A broad range of 3D printing processes have been classified by researchers depending 
on the implemented machining approach, as shown in Figure 2.16. The difference 
between each process is the method of depositing the material to create parts, the 
principles of the operating system, and the material that can be deposited. Some 
techniques operate by melting the materials to construct the layers, such as selective 
laser sintering (SLS), selective laser melting (SLM) and fused deposition modelling 
(FDM); whereas other methods can directly extrude the material to build an object, e.g. 
paste extrusion system. Each method has its advantages and drawbacks, so the main 
considerations made for selecting a 3D printer are generally dependent on the designed 














































1) Laser-based processes. In this technology, low to medium power lasers are 
used to melt, solidify, or cure the material as shown in Figure 2.17. The laser-
based processes can be classified in two sub-categories: laser polymerization and 
laser melting. This classification derives from the phase change mechanism. In 
the laser polymerization process, photosensitive resin is used as the material. 
This process allows the material to be cured through exposure to UV radiation, 
which is supplied by a low-power laser source. In the laser melting process, the 
powder material is directly delivered via nozzles to the processing head.  The 
material is melted by the laser, then cooled and solidified to form the part. 
Examples of specific laser-based processes are stereolithography (SLA), 




Figure 2.17 Schematic diagram of the stereolithography (SLA) process. 
 
 
2) Material jetting. Material jetting processes employ two steps to build the 3D 
object. Firstly, thin nozzles spray the material, and then molten material, or 
commonly a binder, is used to bind the powder in order to create a solid part. 
The operating principle of these processes is similar to the laser-melting 
processes, but the differences are: 1) no phase change arises and 2) the powder 




material jetting processes: three-dimensional printing (3DP), inkjet printing 
(IJP), multijet modelling (MJM), ballistic particle manufacturing (BPM), and 
thermojet. Figure 2.18 shows the schematic diagram for inkjet printing (IJP). 
 
 
Figure 2.18 Schematic diagram of the inkjet printing (IJP) process. 
 
3) Adhesive-base processes.  These processes can be divided into two 
technologies: laminated object manufacturing (LOM) and solid foil 
polymerization (SFP). In recent years, these processes have fallen out of favour. 
To build the part, adhesive-coated film, made from plastic, paper or metal 
laminate, are cut using a laser to the designed dimensions. Then the film is 
pressed down and heated by a heated compactor to form a layer as shown in 









4) Extrusion processes. Extrusion processes refer to the method that melts or 
softens a plastic material using a heated extrusion nozzle, and then deposits it on 
the substrate. The deposited layer is then cooled to form the final part geometry. 
The extrusion process can be classified into two technologies: fused deposition 
modelling (FDM) as shown in Figure 2.20 and robocasting. New technology in 
the extrusion process offers the possibility to deposit paste material without 
requiring a heating process. The paste material can be extruded through the 

















5) Electron beam process. Electron beam manufacturing (EBM) utilises the same 
basic principle as the laser-melting process, except it uses an electron beam as 
the energy source to sinter or melt the material. This process is designed to build 
the part with metallic materials. The process uses a high-voltage electron beam, 
contained within a vacuum chamber to prevent oxidation problem [18-20, 62]. 





Figure 2.21   Schematic diagram of the electron beam manufacturing (EBM) 
process. 
 
In summary, 3D printing techniques generally present several advantages over 
traditional manufacturing methods. First of all, 3D printing offers “freeform” design for 
users, for example, complex geometries that cannot be easily manufactured by other 
methods can be created by 3D printing because of the additive approach. Furthermore, 
functional parts with no requirement for assembly can be created using 3D printing. The 
development of 3D printing technology recently has provided an opportunity for many 
new applications and using different types of materials.  
In this thesis, typical extrusion processes are of interest and selected to be used to 
fabricate the supercapacitors. As mentioned above, the extrusion process can be 
categorized into two main technologies: fused deposition modelling (FDM) and paste 




create a supercapacitor frame using FDM machine, and all other components using the 
paste extrusion system. The specific details of these 3D printing technologies are given 
below. 
2.6.4 Fused deposition modelling (FDM) 
Fused deposition modelling (FDM) was developed by Stratays, USA and became the 
most common extrusion-based 3D printing technology. FDM technology has been 
developed and presented a rapid growth in 3D printing technology due to its capability 
to create functional parts requiring complex geometry. Recently, different 
manufacturers, such as MakerBot, Cube, RepRap, Fab@home and Ultimaker have 
developed FDM techniques to be used in low-cost desktop 3D printers and offer widely 
accessible individual product fabrication that corresponds to individual designs [62-66].   
As shown in Figure 2.22, the FDM printer works by feeding the thermoplastic filament 
material off a feedstock spool using two rollers. The filament is heated and transformed 
into a semi-molten polymer via a small temperature-controlled extruder which then 
deposits it onto the build platform on a layer by layer basis. To fabricate the object, the 
heated extruder moves on an x-y plane to deposit the semi-molten filament according to 
the layer design. After each layer is complete, the build platform is lowered and the next 
layer is deposited, and so on until object is entirely built. The build platform is also able 








There are also disadvantages of FDM printers in term of build speed and accuracy. For 
the most expensive, so presumably the most advanced, FDM printer, the thinnest layer 
thickness printable is 0.078 mm, and it significantly increases the build time. The build 
speed of FDM machines is also dependent on the feed rate and depositing speed. The 
feed rate relies on the capacity to deliver the filament material and the speed at which 
the heat chamber can melt the filament and feed it through the nozzle. In terms of 
accuracy, the nozzle is generally circular and so not able to create sharp external or 
internal corners or edges, which causes functional problems for some applications. 
Furthermore, desktop FDM machines employ belt drives to move the printing head 
resulting in reduced accuracy due to flexing in the belts [62-68].  
The development of FDM machines has provided a wide range of potential fabrication 
materials allowing the creation of parts with various effective mechanical properties. 
Parts created using FDM technology are the strongest in comparison with any other 
polymer-based 3D printing processes. Desktop FDM printers mainly use either 
acrylonitrile butadiene styrene (ABS) or polylactic acid (PLA) as building materials. 
Both materials have subordinate thermostability, when ABS is heated above 250 ºC, it 
can decompose into acrylonitrile-monomer, butadiene-monomer, and styrene-monomer. 
These monomers are highly toxic. In contrast, the PLA is much safer in this respect, as 
it decomposes into H2O, CO2 and humus. Moreover, PLA is “greener”, because it 
produced from renewable resources such as cassava and corn, and is biodegradable. 
Unlike ABS, the PLA filament also offers low-cost, low-melting point (around 160 ºC) 
and good mechanical properties. As a result of these advantages, the PLA filament is 
increasingly used for FDM printing by industrial and general users [64-75].  
2.6.5 Paste extrusion system 
The paste extrusion process (also referred to as direct-write technology) applies pressure 
to deposit paste or fluid materials thorough a nozzle to control the composition onto the 
substrate [62]. This process varies from FDM in requiring no heating of the material 
before deposition. The main advantages of this process are the ability to deposit several 
paste materials on to different substrate surfaces and a simpler fabrication method [11-
14, 62]. Due to these advantages and improvements in material deposition technology, it 





As shown in figure 2.23, the paste extrusion system consists of a stepper motor, a 
syringe connected to a plastic tube and a nozzle at the end of plastic tube. To extrude the 
paste material, the stepper motor is driven to rotate the screw underneath the syringe 
plunger. After the plunger is pushed, the paste material flows through the plastic tube 
into the nozzle, and the material is then deposited in the desired position.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
Paste extrusion machines differ in nozzle and pump design. The nozzle design 
determines the size and shape of the deposited material. In addition, the nozzle is 
designed according to the viscosity and particle size of the material used. The pump 
design affects the volumetric control and repeatability of dispensing, the accuracy of the 
start-stop deposition process, and the speed of deposition [62, 77-80].  
 
 
Figure 2.23 Schematic diagram of the extrusion of paste extrusion system. 
 
2.6.6 Current research in 3D printing technologies for energy storage device. 
Current research into 3D printing focuses on widening the range of materials which may 
be printed and the improvement of newer techniques in order to fabricate a wider range 
of applications for many purposes [22-30]. Improvement in 3D printing techniques, 
enhanced with component placement and electrical interconnect deposition, offers the 
potential to make electronic prototypes. These developments allow integration of 
electronic components with 3D printed devices.  This type of 3D electronics integration 




electronics can be designed to any form providing a unique advantage over conventional 
electronics systems [81-86]. 
In the last decade, many research groups have developed 3D printed electronics, such as 
sensors, interactive devices, and energy storage devices. These developments create the 
components and electrical interconnect using 3D printed structures [84-85]. For 
example, Palmer [58] initiated research on a 3D printed embedded structure with 
conductive ink using Direct Printing (DP), which was later expanded by Medina and 
Lopes [87-88]. In their research, two different 3D printing techniques were integrated: 
stereolithography (SLA) and a dispensing system. The commercial stereolithography 
(SLA) was integrated with direct-write (DW) technology to manufacture electrical 
circuits for the SLA-manufactured parts. A simple multi-layer SLA part with embedded 
circuitry was fabricated and the hybrid system has presents the potential to fabricate a 
functional 3D structural electronics device. This method was also applied to print 
simple circuits, as well as for a demonstration construction of simple prototype 
temperature sensors.    
To manufacture an energy storage device using 3D printing technologies, Ho et al. have 
experimented with a zinc microbattery using direct-write dispensers [89]. In this 
research, zinc and manganese dioxide were prepared and applied as electrodes. The 
electrolyte used was an ionic liquid gel. All materials were made into slurry and printed 
in stacked configuration using a direct-write dispenser as shown in Figure 2.24. The 
electrode was printed with a thickness between 80 and 120 µm, then dried on a hot plate 
at 60 ºC for 20 min. The ionic liquid gel electrolyte was deposited and dried on hot plate 
at 60 ºC for 20 min. In this experiment, the zinc slurry functioned as the electrode and 
current collector on one side, and the electrode made from manganese dioxide used a 
nickel foil as the current collector on the other side. 
 





This microbattery was further improved by Wang et al [90], who developed an 
integrated energy-harvesting prototype which combined thermoelectric energy 
harvesting and electrochemical energy storage, both of which were fabricated using 
direct-write dispenser technology.  Further to that, 3D interdigitated microbattery 
architectures (3D-IMA) have been studied by Sun et al [31]. In this work, Li4Ti5O12 
(LTO) and LiFePO4 (LFP) materials were applied as anode and cathode, created using 
direct-write technology on a glass substrate. As shown in Figure 2.25, the 3D-IMA used 
gold (Au) as the material for the current collector. The dimensions of the electrodes 
were 960 µm x 800 µm x 60 µm, spaced 50 µm apart. A packaging frame of 3D-IMA 
was made from plastic using laser machining applied to contain the microbattery and 
electrolyte.  The microbattery in this study obtained 9.7 J cm-2 at a power density of 2.7 




Figure 2.25 Schematic illustration of 3D interdigitated microbattery architectures 
(3D-IMA) fabricated on (a) gold current collector by printing (b) Li 4, Ti 5, O 12 
(LTO), and (c) LiFePO 4 (LFP) inks through 30 μm nozzles, followed by sintering 





Furthermore, Zhao et al [91] have applied Selective Laser Melting (SLM) and 
demonstrated how a 3D printed electrode can be used to fabricate interdigitated 
supercapacitors as shown in Figure 2.26. The electrodes used in this study were Ti6Al4V 
and the electrolyte was polyvinyl alcohol (PVA)-H3Po4 polymer electrolyte. The SLM 
method operated using a high-power laser beam on a build plate of fine metal powder to 
create free-form metal parts. After the Titanium alloy electrodes were printed, they were 
removed from the bed using a wire electrical discharge machine (WEDM machine), and 
cleaned using Milli-Q water and ethanol. An organic polymer, polypyrrole, was used to 
coat the metal electrode before assembling the pseudocapacitors, then the 
supercapacitor was immersed in an electrolyte solution (PVA- H3Po4) for 2 hours. The 
electrolyte filling was done under vacuum and dried in a fume hood for 12 hours. 
 
 
Figure 2.26 Schematic procedures used to fabricate interdigitated 
supercapacitors.[91] 
 
Zhu et al [114] have introduced a 3D-printed graphene composite aerogel (3D-GCA) for 
EDLCs. Graphene oxides (GOs), graphene nanoplatelets (GNP) and silica fillers are 
prepared as a printable ink, which is designed to be printed on an extrusion-based 3D 
printer equipped with a micronozzle. After printing is complete, post processing is 




Ambrosi et al [92] have designed and fabricated 3D-printed pseudocapacitors using the 
SLM technique. In this research, helical steel electrodes were tested in different sizes, as 
shown in Figure 2.27. Testing exhibited that the electrodes maintained normal metal 
conductivity despite their distinctive geometry. When the electrodes were coated with 
IrO2, they presented superior capacitive properties. Moreover, they also exhibited 
excellent catalytic and sensing properties. These results indicate that 3D printing 
techniques can be employed to create complex shape designs, and that there are 
advantages to developing electrochemical energy storage devices using 3D printing. 
 
 
Figure 2.27 Schematic of the helical-shape electrode design for 3D printing, and 
dimensions of the electrode [92]. 
 
Other researches into the development of pseudocapacitors using 3D printing have been 
undertaken by Liu et al [93]. They used a direct metal laser sintering system to fabricate 
3D-printed stainless steel scaffolds. In this process, the laser power and scan speed were 
used to control the porosity of the metal scaffolds in order to optimize the electroactive 
surface area.   
From the above examples, it can be seen that 3D printing processes can be an effective 
method for manufacturing supercapacitors. 3D printing methods significantly expand 




important since the electrical performance of supercapacitors is dependent on the 
material used, the component structure, and the assembly method. [11] 
 
2.7 Research gaps and literature review summary 
In this chapter, the principles of conventional supercapacitors including classification of 
supercapacitors, supercapacitor structure and materials were summarized. Furthermore, 
previous studies in manufacturing of supercapacitors were reviewed and it was outlined 
why future developments of manufacturing of supercapacitors are focussing on 
applying 3D printing technologies. 3D printed electronics is a comparatively new 
subject of scientific interest, and is attracting attention in the field of energy storage 
devices. Existing research on 3D printed electronics for energy storage devices, 
including supercapacitors, were also summarized. Most studies into the manufacturing 
of 3D printed supercapacitors have focused on the development of new materials that 
can be used in 3D printing methods.  
To identify the research gaps, and thus the issues that require investigation through this 
research: 
• The manufacturing of supercapacitors using 3D printing techniques has already 
been developed using 3D printing methods such as Selective Laser Melting 
(SLM).  In this thesis, two small desktop 3D printing methods, fused deposition 
modelling (FDM) and paste extrusion system, will be integrated and applied to 
fabricate EDLCs.  These techniques are selected because of their simple 
application, and their ability to deposit several different suitable materials for the 
fabrication of EDLC.  
• As mentioned previously, the manufacturing of EDLCs using some 3D printing 
methods requires post-processing and assembly. In this thesis, new designs will 
be investigated to fabricate EDLCs in a single continuous process, without the 
need for post-processing. In addition, an investigation into the design of EDLC 
packaging frames will be included to explore the possibility of wirelessly 
stacking multiple EDLC cells to create a more capable unit. These will provide a 




• Previous studies into materials used to fabricate the electrodes of 
supercapacitors have been limited to nanomaterial and metal. This thesis will 
identify and investigate different materials for fabricating current collectors and 
electrodes. The material used will be examined and evaluated in terms of their 
cost, preparation difficulty in ambient conditions, and environment friendliness. 
The investigation will hopefully identify possible ways to develop a metal-free 
supercapacitor. 
It is believed that this study into 3D printed supercapacitors using 3D printing methods 
will contribute to fill the research gap in this research field and empower the further 






















Chapter 4 Experimental materials and measurement Methods 
 
 
In this chapter, the general materials and measurement instruments used in this thesis 
are explained in detail. In addition, evaluation of electrochemical properties is 
described.  
 
3.1 Materials and equipment 
3.1.1 Chemical and reagents 
Polylactic acid (PLA) filament with a diameter of 2.89 mm. obtained from 3dgbire Ltd 
was used to build packaging frame of supercapacitors. Silver conductive paint obtained 
from RS Components Ltd, (the volume resistivity is 0.001 Ω.cm when fully hardened), 
was used for creating current collector layer. Activated carbon (AC) (AR grade, 1375 
µΩ.cm), Sodium carboxymethyl cellulose, CMC (C28H30Na8O27, MW: 250,000), 
ethanol (≥ 99.8%, ACS grade) were obtained from Sigma-Aldrich. AC and CMC were 
used as material for electrode fabrication. Carbon conductive paint (Bare Conductive 
Electric Paint) obtained from RS Components was used as current collector and 
electrode. Phosphoric acid (H3PO4) and polyvinyl alcohol, PVA (MW 146,000-186,000, 
> 99% hydrolysed) were also obtained from Sigma-Aldrich and used as gel electrolyte. 
Postlip filter paper (d= 127 mm, the thickness is 130 + 1µm) were manufactured by 
Evans Adlard & Company limited and used as separator. All the materials above were 
used without further purification. 
3.1.2 Equipment 
Preparation of materials and electrochemical performance measurement were completed 




Company (Germany). The hot plate & Magnetic stirrer (model, JENWAY 1000) was 
manufactured by Bibby Scientific Limited.  The weight scale (model, PM2000MC) was 
manufactured by Mettler - Toledo Inc.  
Electrochemical performance measurement was carried out using Versa-STAT3 
electrochemical workstation as shown in Figure 3.1. The Versastat was set up in two 
electrode mode as a potentiostat or galvanostat as required. The VersaStudio v2.20.4631 
was the software controlling the Versastat and installed in a Samsung laptop with 
Window 7 operation system. The capacitance and specific capacitance of all samples 
were defined by this measurement instrument. 
 
Figure 3.1 Versastat 3 electrochemical workstation with the operating software. 
 
Capacitance (C) is the ability of a component or circuit to collect and store energy in the 
form of an electrical charge, and is the standard measure of energy storage for 
capacitors and supercapacitors. Capacitance is expressed as the ratio of the electric 
charge on each conductor to the potential difference (voltage) between them. The SI 
unit for capacitance is the farad, named after English physicist Michael Faraday, and is 
equivalent to one coulomb per volt. A farad is a large quantity of capacitance. Most 
household electrical devices include capacitors that produce only a fraction of a farad, 
often a thousandth of a farad (or microfarad, µF) or as small as a picofarad (a trillionth, 





Devices with larger electrodes and current collectors will inevitably store more charge. 
Specific capacitance (Cs), measured in farads per kilogram, is the capacitance divided 
by the mass of the active material. This is commonly used to compare the performance 
of devices of different sizes. 
In addition, a scanning electron microscopy (SEM) was applied to study the physical 
characteristics of the material as shown in Figure 3.2. In SEM method, the surface of 
solid specimens was characterised using a variety of signals generated by a focused 
beam of high-energy electrons. The characteristics of the sample revealed by these 
signals were external morphology (texture), chemical composition, crystalline structure 
and orientation of material making up the sample. After data was collected over a 
selected area of the sample’s surface, a photo image was captured which demonstrates 
spatial variations in these properties. Conventional SEM techniques offer 
characterisation of areas ranging from approximately 1 cm to 5 microns in width. These 
conventional SEM methods provide magnification ranging from 20X to approximately 
30,000X, and spatial resolution of 50 to 100 nm.  
 
Figure 3.2 A typical SEM instrument, showing the electron column, sample 





In this thesis, a Zeiss scanning electron microscope (Model SUPRA 35 VP) was used to 
characterise the physical properties of the carbon material, which was conducted at an 
acceleration voltage of 15 kV. During the examination, the samples were attached to a 
metal stud using a double-sided conductive adhesive tape as shown in Figure 3.3. 
 
Figure 3.3 Three different types of carbon were attached to a metal stud in SEM 
measurement. 
 
3.2 Evaluation of electrochemical properties 
In this study, the electrochemical performance of the supercapacitors was studied by 
cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) using a Versa-
STAT3 electrochemical workstation. The CV and GCD testing results were applied to 
calculate the electrical capacitance of the supercapacitors. All the measurements were 




3.2.1 Cyclic voltammetry 
When an electric potential is applied between the two electrodes in an EDLC, opposite 
ion charges accumulate on the surfaces of the electrodes. An ion-permeable separator is 
placed between the electrode in order to avoid short-circuit and therefore an electric 
field is created between the two electrodes to form the function of storing energy.  
Cyclic voltammetry (CV) is an effective method in the area of electrochemistry. It has 
been applied to characterize the performance of several electrical energy storage 
devices, for example batteries and supercapacitors. CV tests are performed by applying 
a linear potential sweep to the working electrode. A positive (charging) voltage sweeps 
in a specific voltage range (0 ~ 0.8 V) and then reversing (discharging) voltage sweep 
immediately after the maximum voltage is reached. The electrochemical behavior of the 
supercapacitor can be assessed from the current response against the applied voltage.  
In CV measurement, there are two important parameters that have to be adjusted in the 
VersaStudio as shown in Figure 3.4. Firstly, the operating voltage range set up in the 
CV measurement method relies on the electrolyte used in the supercapacitor. There are 
two different types of electrolytes used in this study. Supercapacitors with an aqueous 
electrolyte are regularly applied with the working voltage of 0.8 -1.0 V. Another type of 
electrolyte is organic solvent which can be specified with a rated voltage of 2.5 V. In 
this study, organic solvent (a mixture of tetrabutylammonium tetrafluoroborate 
(C16H36BF4N) with propylene carbonate (C4H6O3) was used in manufacturing the first 
trial 3D printed supercapacitor with the working voltage at 2.4 V. Manufacturing of 
extendable supercapacitors and metal free supercapacitors used water-based electrolyte 
(H3PO4 and PVA gel electrolyte) with the working voltage at 0.8 V. 
 




Secondly, adjusting of scan rates (V/s) is also required. The scan rates have significant 
effects on measurement of capacitance. The performance of supercapacitor can be 
characterized by capacitance measured at different scan rates. At lower scan rate (e.g., 
0.005 mV/s), CV curve exhibit a rectangular shaped curve as an ideal capacitor. 
However, when scan rates increase, the ideal rectangular CV curve is deformed as 




Figure 3.5 Cyclic voltammograms (CVs) of ordered graphitic mesoporous carbon 
at different scan rates [5]. 
 
As shown in Figure 3.6 [94], the electrochemical behaviour of a composite 
supercapacitor is assessed based on the CV measurement.  Measurement of 
electrochemical behaviour of the supercapacitor can be calculated from the current 
response against the applied voltage. The capacitance, C1, of an EDLC can be 










Where, Qtotal is the average integral area of CV curve obtained from the VersaStudio 
software which represented the total supercapacitor’s charge in coulombs. This value 
was measured from the CV response curve. ΔV is the voltage change between the 
device’s terminals in volts (V)  
The specific capacitance is the fundamental capacitance of the active material 
normalized by the mass of the electrode of EDLC sample. The specific capacitance can 
be calculated as the equation (3.2): 
m
CCs =1      (3.2) 
Where Cs1 is the specific capacitance of the electrode, C is the measured capacitance for 
the two-electrode cell calculated from equation (1), m is total mass of the active material 
in both electrodes. 
 
 
Figure 3.6 A typical CV curve of a supercapacitor recorded at the scan rate of 5 
mV/s [94] 
3.2.2 Galvanostatics charge/discharge 
Galvanostatics charge/discharge (GCD) is an alternative method used to evaluate the 
performance of the supercapacitors under controlled current conditions. This method is 
the most preferred DC (direct current) test and is not only used in a laboratory but also 
in industry. The GCD process is measured by the responsive potential with respect to 
time unlike CV test, which evaluates data correlating to electrochemical phenomena 




constant current charges a supercapacitor then 2) discharge in a specific voltage range 
or charge/discharge time [94], As shown in Figure 3.7, an EDLC presents a triangle 
shape due to the voltage changing linearly as times increases.  
 
 
Figure 3.7  A typical GCD curve of a supercapacitor recorded at the current of 2 
mA [94]. 
The GCD method is different from the CV technique because in GCD method, the 
working voltage is measured under controlled current. In GCD measurement, the 
potential established relies on the operating voltage of electrolyte used.  The currents of 
charge and discharge have significant effects on measured capacitance. Increasing the 
charge and discharge current decreases the capacitance. Figure 3.8 shows a typical set 














=2       (3.3) 
 
Where, i is the discharge current in amperes (A), Δt is the discharging time (s) and ΔV is 
the voltage of the discharge excluding iR drop (V). 
In addition, specific capacitance (Cs) and single-electrode specific capacitance can be 









2      (3.4) 
 
23 .4 CsCs =       (3.5) 
 
Where i is current in amperes (mA), Δt is the charging/discharging time (s), m is the 
total weight of active materials of two electrodes (g) and ΔV is the voltage of the 
discharge (V). 
In this study, each sample were measured using the Versastat workstation and then the 
data were used to calculate capacitances using equations (3.1) and (3.3) given above. 








As mentioned above, the GCD method has been used to observe the reaction in 
potential relating to time during charging and discharging. The GCD technique also can 
be used to determine the equivalent series resistance (ESR) using IR drop value.  The 
term iR drop is used to refer to a voltage drop which occurs at the initial discharge. The 
iR drop is caused by uncompensated resistance or resistive component of impedance as 
shown in Figure 3.9 
 
Figure 3.9  A GCD curve of the supercapacitor with the iR drop [5]. 
 
iR drop can be calculated from the difference of the electrical potential between the two 
ends of a conducting point through a current flow. In addition, iR drop can be increased 
when the high current is applied. In EDLC, the iR drop occurs when potential needs to 
move ions through the electrolyte solution.  The factors that influence the iR drop are 
the position of electrode and conductivity of the electrolyte solution. Furthermore, the 
higher iR drop can be caused from the use of low conductivity of the electrolyte. 
The ESR can be calculated from the GCD method using the iR drop value divided by 
double the potential used. This calculation method can be applied in both system of 





3.2.3 Electrochemical impedance spectroscopy (EIS) 
Electrochemical impedance spectroscopy (EIS) is a method providing further study 
insight about the electrical characteristics of supercapacitor and also applied to measure 
and calculate the equivalent series resistance (ESR). The ESR can be used to determine 
resistance of cell component such as contact resistance between current collectors and 
electrodes and electrolyte resistance. In this method, an electrochemical supercapacitor 
sample is tested using a small alternating current (AC) over a different range of 
frequencies (0.01 Hz to 1 MHz). The result of measurement derives from changes in 
current caused by the impedance of the sample and is used to draw on a Nyquist plot 
which charts imaginary resistance (Z”) against real resistance (Z). From the format of 
Nyquist plots, the plot typically displays information about the capacitance, ion-
diffusion, and resistance of the device. Information about the resistance is contained 
within the high-frequency region; information about the ion-diffusion properties in the 
mid-frequency region; and information about the capacitance in the low frequency 
region. A perfect supercapacitor would be represented by a straight line parallel to the 
imaginary axis (the Y-axis) of the Nyquist plot. 
The ESR is corresponded to the intersection of the impedance curve at the x-axis in the 
Nyquist plot. Examples of both (a) ideal capacitors and (b) supercapacitors have the 
same ESR as shown in Figure 3.10. However, it can be seen that an impedance response 
of a supercapacitor differed from the ideal capacitor at low frequencies. This difference 
is caused by the equivalent distributed resistance (EDR). The EDR corresponds to the 
ionic resistance of electrolyte within the pores of the electrodes. Therefore, an elevated 
EDR can be induced by increasing the number of pores in an active electrode [3, 5]. 
 
Figure 3.10 Schematic representation of the Nyquist plot of (a) an ideal capacitor 










4.1 Introduction  
This chapter details the tests of two prototype supercapacitors manufactured using 3D 
printing methods. For the first sample, an FDM printer was used to manufacture a frame 
designed for the current collectors to be printed on using an inkjet printer. The 
supercapacitor was then completed by blade-coating carbon electrodes, before affixing 
the two halves with an electrolyte-soaked paper separator in between.  The second 
sample was an attempt to improve on the design of the first sample. Instead of printing 
the current collector with an inkjet printer, a paste extruder was employed to reduce the 
fabrication time. Other improvements to the frame design, manufacturing procedure and 
separator electrolyte were also incorporated. 
At time of writing, there is no prominent published research that has attempted to 
integrate inkjet printing and 3D printing, or FDM and paste extrusion, to fabricate 
supercapacitors. Inkjet printing has been widely used in electronic devices in recent 
years, although more commonly to print circuitry or electrodes than current collectors. 
Paste extrusion is yet to be investigated as a means to manufacture current collectors. 
Although the designs of the two samples tested are very simple, the concept is that more 
complicated designs could be manufactured using the same process, which may have 
the potential to improve functional performance, or to create cost-effective bespoke 
devices for small-scale production. 
As detailed in the literature chapter, FDM can deposit two different types of plastic, 
ABS and PLA. ABS has greater strength and durability, but PLA is more environment 




PLA in the second. Silver ink was the material of choice for the current collector 
because of its conductivity and resistance to chemical weathering. Activated carbon 
(AC) seemed the ideal electrode material as it is inexpensive, easy to process, non-toxic, 
has a high specific surface area, and good conductivity. Phosphoric acid was selected as 
electrolyte for its suitable ion size, low cost and simple preparation at ambient 
conditions. The separator was required to be nonconductive, have low ionic resistance, 
and be easily wetted by the electrolyte, thus filter paper was chosen. 
Inkjet printing was selected to fabricate the current collector for the first sample as it 
was considered to be more accessible, lower cost and involve a simpler manufacturing 
procedure. However, inkjet printing would prove overly time consuming to print the 
iterations required to build a sufficiently thick current collector, and the resulting 
sample, although functional, failed to deliver a satisfactory level of performance. 
It was surmised that using a paste extruder to build the current collector could be less 
time consuming. A paste extruder would be able to print silver paint, as opposed to the 
silver ink which the inkjet printer dispensed. Because silver paint is more viscous, it 
may be dispensed in thicker layers than ink and dry more easily, thus reducing the time 
taken to build it to the required thickness. Silver paint is less durable than silver ink, but 
otherwise this change was not expected to have a significant impact on performance. 
In addition to altering the design of the current collector, other improvements were 
attempted: 
1) The overall size of the sample was increased to accommodate changes to the 
frame design and improve performance. 
2) A hinge was added to the frame to allow for simplified assembly. 
3) The frame material was changed from ABS to PLA in order to test both 
materials 
4) Drying times for the electrodes were altered to prevent cracking. 
5) To further simplify the manufacturing process, the electrolyte was changed from 
1 molar phosphoric acid (H3PO4) solution to a gel electrolyte, 1 molar 
tetrabutylammonium tetrafluoroborate (C16H36BF4N) with propylene carbonate 
(C4H6O3) solution. 
Testing such a new manufacturing process, clearly the capacitance was never expected 




considerably better than the first, and it was clear much improvement was needed to the 
design and implementation of the manufacturing process. 
4.2 Pilot sample 1: FDM & Inkjet Printing  
4.2.1 Design and manufacturing procedure  
1) Design 
The supercapacitor was designed in two halves, which were to sandwich an electrolyte-
soaked, filter paper separator. The two halves of the frame were designed as upper and 
lower parts, with four slots on the upper part designed to fit four protrusions on the 
lower part to ensure accurate assembly. These two parts were to be plastic, printed by 
the FDM machine. A silver ink current collector would then be printed directly onto 
each frame before each carbon electrode was built on top using a blade coating method. 
Finally, the separator was to be prepared and placed between the two halves as they 
were slotted together to form the completed sample. Figure 4.1 shows the schematic of 
the lower part of the supercapacitor, which is identical to the upper half, except that the 
upper part has slots where the lower part has protrusions. Figure 4.2 demonstrates how 
the two halves combine, and the design dimensions and technical drawing of designed 
sample was presented in an appendix A. 
 
 
Figure 4.1 Schematic of lower part of supercapacitor. 











(a)                                                                          (b) 
Figure 4.2 (a) Designed assembly and (b) dimensions of EDLC  
2) Printers, software and materials 
The 3D printer used in this work was a fused deposition modelling printing machine 
(FDM Dimension SST 768 FDM Printer) as shown in Figure 4.3. The FDM printer has 
two cartridges containing the part-material and the support-material. The support 
material applied in this work was P400SR Soluble Support comprised of 99% 
butadiene-styrene copolymer (manufacturer information); the part-material is ABS-
P430 Model composed of 70-75% butadiene-styrene-acrylonitrile-methyl methacrylate 
copolymer and 25-30% styrene/ acrylonitrile copolymer (SAN) (manufacturer 
information). These two materials were purchased from Stratasys Inc. The software 
used to design the frame for the FDM printer was Solidworks®. 
 




The inkjet printer (Dimatix, DMP-2800) has 16 nozzles, each nozzle delivering drops of 
1-10 picolitres of ink with a resolution of 1270 dot per inch (dpi) as shown in Figure 
4.4. Silver conductive ink purchased from Sun Chemical was used as the current 
collector material in this study. The dispersion viscosity of the silver ink was 10-15 cps 
at 23 ºC. 
 
Figure 4.4 The inkjet printer (Dimatix, DMP-2800). 
The software used to control printing parameters was the Dimatrix drop manager. This 
software was also used to design the current collector patterns for this experiment as 
shown in Figure 4.5. Two different patterns were used with sizes 20 x 20 mm and 20 x 









The electrode material used for the supercapacitor was activated carbon. The activated 
carbon was made into a slurry and mixed with the carbon material using carboxy methyl 
cellulose (CMC) as a binder. The CMC binder was prepared by mixing a certain amount 
of CMC with distilled water at room temperature. It was stirred overnight using a 
magnetic stirrer. The concentration of CMC was fixed at 5wt% based on the total mass 
of AC and CMC. Then 0.5 g activated carbon was added to the CMC binder solution. In 
order to obtain a uniform slurry, it was stirred for 8 hours.  
The electrolyte applied in this experiment was 1 molar phosphoric acid (H3PO4) 
solution, and filter paper was used as the separator. 
3) Frame – FDM printing process 
The 3D frame structure of the supercapacitor was fabricated by the extrusion heads of 
the printer. Initially, the machine deposited support-material, which was removed after 
the printing which acts as scaffolding. The thermoplastic part material was then heated 
and became semi-liquid. Then it was deposited layer by layer in ultra-fine beads along 
the extrusion path. Finally, the support-material was dissolved and removed and then 









4) Current collectors – inkjet printing process 
Having constructed the EDLC frame, an inkjet printer (Dimatix, DMP-2800) was used 
to print the current collector onto the 3D samples. The silver conductive ink was 
prepared in the ink cartridge. This inkjet printer contained 16 nozzles and each nozzle 
can be adjusted in terms of its firing voltage, which was set as shown in Figure 4.7. The 
firing voltage determines the drop velocity of the printed material and should be 















The 16 nozzles were tested in terms of ability to jet the liquid using the software’s “drop 
watcher” function to determine the ideal print setup. This function provides direct 
viewing of the jetting nozzles, the actual amount of jetted ink, and the surface of the 
plate surrounding the nozzles as shown in Figure 4.8. It was determined that only six 
nozzles, in the middle of the nozzle row, should be used for printing due to 
















The 3D packaging frames were printed with silver conductive ink. Firstly, the silver ink 
was printed with a size of 40 x 20 mm on each of the 3D frame objects in order to build 
the conductive current collector layer. The frame was printed about 20 times to produce 
a suitably thick current collector, which took around one hour to complete. The samples 
were then dried in an oven at 90oC to enhance the adhesion of the carbon slurry layer to 
















5) Electrodes – blade coating process 
To build the electrodes, the carbon slurry was deposited using a blade coating method 
over the silver conductive ink with a size of 20 mm x 20 mm. It was coated in five 
layers positioned as shown in Figure 4.10 (a). The final thickness of each electrode was 
1.5 mm. 
6) Separator – electrolyte preparation and assembly 
A filter paper was soaked in the electrolyte and used as the separator. The filter paper 
separator was placed on the electrode of the lower part of the EDLC before the upper 
half was affixed on top. This completed the fabrication process of the sample 
electrochemical as shown in Figure 4.10 (b).  
 
 
Figure 4.10 The coating process for making the final electrochemical 
supercapacitor. 
          (a) Showing the slurry coated on 3D object after printed the silver conductive ink  










4.2.2 Performance evaluation 
The electrochemical properties of the prototype supercapacitor were assessed using an 
electrochemical workstation–VersaStat 3. Figure 4.11 shows the cyclic voltammogram 
(CV) curve of the prototype with a scanning rate of 0.02 V/s. The curve shape shows 
that the device operated as a supercapacitor. This experiment has shown that inkjet 
printing is at least a possible method for fabricating the current collector of an EDLC 
sample. The main drawback of inkjet printing was found to be its time-consuming 
nature. Approximately twenty iterations of printing were required to build a current 
collector of sufficiently low resistance. This might be a reason for applying other 




Figure 4.11  CV curves of the EDLC samples at the scan rate of 0.02 V/s. 
 
The capacitance and specific capacitance from the CV measurement were calculated 
using equation (3.1) and (3.2). The capacitance calculated was 6.29 mF and the specific 
capacitance of the supercapacitor was 53.83 mF/g. A GCD test was also applied to 





 Figure 4.12 showed the GCD curve of the EDLC sample with the IR drop at 0.44 V. It 
can be seen that the IR drop was high because of high internal resistance. The 
capacitance calculated from the GCD was 6.51 mF and the specific capacitance of the 
supercapacitor was 59.23 mF/g. Both the capacitance and specific capacitance were 
calculated using equation (3.3) and (3.4). 
 
 
Figure 4.12  Galvanostatic charge/discharge curves recorded at a charging current 
of 0.015 A. 
 
The capacitance was not high as expected because there were small cracks in the 
electrodes surface, causing internal resistance. It is possible that the layers of carbon 













4.3 Pilot sample 2: FDM & Paste Extrusion  
4.3.1 Design and manufacturing procedure  
1) Design 
The supercapacitors designed for this study comprise of two electrodes and a separator 
layer soaked in electrolyte, as shown in Figure 4.13. The 3D frame for the 
supercapacitor was designed using Solidworks® software and created using the FDM 
printing machine. A view of the frame is shown in Figure 4.14. The 3D frame for the 
supercapacitor was designed similar to a hinge with a size of 30 x 50 mm dimensions 
and technical drawing of designed sample was presented in an appendix A. It can be 
printed in one printing event and requires no assembly. This design makes it easy to 
form the supercapacitor when all layers are finally printed. Given a suitable separator 
could not be 3D printed with current technology, efforts were made to simplify the 
assembly requirements as far as possible. The hinge ensures the two sides will be 
precisely folded together without the need for additional apparatus. The hinge design 
was deemed to work well, thus there were no suggestions for optimisation. 
A living hinge, being flexible, would not likely provide the same degree of precision as 
the barrel hinge, so may result in the assembler folding the two sides together askew. 
 
Figure 4.13 Schematic of design structure of supercapacitor.  
 
 
Figure 4.14  The 3D frame for the supercapacitor 
Frame of supercapacitor 
Electrode 






2)  Printers, software and materials 
For this experiment, an FDM printer (Ultimaker 2®) and a Paste extrusion printer 
(Discovery®) were integrated in order to create the supercapacitors. The two 3D printing 
technologies were developed to capitalise on each of the particular processes, and 
provide the possibility to develop unique electrochemical devices. The FDM printer was 
used to create the frames and the paste extrusion printer was used to build the current 
collector and the electrode. Figure 4.15 shows the schematic diagram of the 
combination of the two 3D printing techniques.  Figure 4.16 shows the setting of dual 
extrusion. The distance between the FDM extruder and the paste extruder was 37 mm. 
The paste tip extrusion was lower than the FDM extruder by around 26 mm. Because of 




Figure 4.15 Schematic of a combination of two 3D printing techniques. 
 
 





The operating method of the fabrication process was adjusted via CURA open source 
software, which is compatible with both the FDM and the paste extrusion system. The 
CURA software also transforms the STL file to G-code which is used in machine 
automation. The G-code files created in this study control the printing parameters for 
the FDM and paste extrusion system, such as printing speed, layer height and fill 
density.  Figure 4.17 shows the combination of 3D printers for manufacturing the 














Figure 4.18 shows print setup of the FDM machine using the CURA software. The STL 
file exported from Solidworks software was loaded into the CURA software in order to 
set the print parameters and transform to G-code. The print parameters were layer 
height, shell thickness and print speed. After all settings were correctly set, the CURA 
software was used to transform these settings to G-code and save to an SD card. Note 
that the temperature control for the nozzle head and the bed platform of the FDM were 
adjusted at the printer. 
 
Figure 4.18 Print setting of FDM machine controlled via CURA software. 
 
The CURA software was also used to control the print parameters of the paste extrusion 
printer. Figure 4.19 shows print parameter settings of the extrusion printer via the 
CURA software. For controlling the extrusion printer, the G-code was applied to 
increase the extruder step. In G-code, M codes are machine specific miscellaneous 
functions, for example the temperature control of the machine.  
 




Table 4.1 shows the list of G-code commands used to control the extruder printer. After 
all print settings were set, the software directly sent all print information to the extrusion 
printer to start printing. 
 
Table 4.1 List of G-code commands  
Command Description 
M 302 
M 92 E 15000 
M 107 
Allow cold extrusion 
Increase the extrusion step 
Set the fan off 
  
The ideal conductive current collector material is low cost, nontoxic, commonly 
available, and its viscosity and curing conditions should be compatible with the 
deposition system used. For these reasons, silver conductive paint was chosen as the 
current collector material in this test. 
 
The activated carbon electrode was made from a slurry mixture of the carbon material 
with carboxy methyl cellulose (CMC) as a binder. The CMC binder was prepared by 
mixing a certain amount of CMC with water/ethanol (1:1) solvent at room temperature. 
It was stirred overnight with a magnetic stirrer. The concentration of CMC was fixed at 
10wt% based on the total mass of AC and CMC. 0.5 g activated carbon was then added 
to the CMC binder solution. To obtain a uniform slurry, it was stirred for 8 hours.  
The electrolyte applied in this experiment was a mixture of tetrabutylammonium 
tetrafluoroborate (C16H36BF4N) with propylene carbonate (C4H6O3). The concentration 
of the electrolyte used was fixed at 1 mol/L. 
 
3) Frame – FDM printing process 
The height of each layer was adjusted to 0.1 mm on the FDM machine and the printing 
speed was set at 50 mm/sec. The material used was PLA rod with a diameter of 2.89 




extrusion head of the printer. The PLA material was heated and became semi-liquid. 
Then it was deposited layer by layer in ultra-fine beads along the extrusion path as 
shown in Figure 4.20. The temperature of the extruder was controlled at 220 oC, and 60 
oC at the bed of the printer. 
 
Figure 4.20   The frame of supercapacitor printed with FDM printer. 
 
4)  Current collector – paste extrusion process 1 
Whereas the frame was printed using the FDM printer, other materials were printed 
using the paste extruder. In order to deposit the paste materials, the syringe was 
pressurised by the stepper motor to force the paste material to flow along the plastic 
tube to the nozzle. This function was automated and controlled by CURA software. 
CURA software is compatible with both FDM and paste extrusion system, able to set up 
all specifications for printing including transforming the STL file to g-code. G-code is 
one of many programming languages used in machine automation, which has also been 
used in this manufacturing process to control the speed of the stepper motor of the paste 
extrusion system in order for the appropriate amount of material to be printed. 
To deposit the material, 0.6 tapered nozzle was connected to a 3.5 mm inner diameter of 
PVC rubber tube with length of 70 cm. A 30 ml BD luer-lock syringe was used to 





The paste extrusion system was used to print two materials. First, the silver conductive 
paint was printed on to the frame. The conductive paint was printed three times with a 
size of 30 x 55 mm on each side of the 3D frame objects in order to build the conductive 
current collector layer. Then the sample was dried at room temperature around 30 
minute after each of these layers was printed as shown in Figure 4.21. 
 
 
Figure 4.21 Paste Extrusion system prints the silver conductive paint on 3D 
packaging frame structure. 
5) Electrodes – paste extrusion process 2 
Carbon slurry was printed on top of the silver conductive paint with a size of 25 x 40 
mm, to a thickness of 1.5 mm. It was printed five times to achieve the desired thickness 
and dried at room temperature as shown in Figure 4.22. The drying time used for each 
time of printed electrode was around 30 minutes and when the final layer of printed was 
completed due to the thickness 1.5 mm, the drying time used for the whole printed 
electrode was around 60 minutes. These slurry layers were applied as the material for 
the electrodes. 
 




6) Separator – electrolyte preparation and assembly 
 
The electrolyte was then dropped on the surface of the printed activated materials, and 
then these electrodes with absorbed electrolyte were held under vacuum for 30 minutes 
to allow the electrolyte to fully disperse within the carbon material. In the meantime, a 
filter paper was wetted with the electrolyte to be used as the separator. The two coated 
electrodes were finally folded over to sandwich the filter paper separator, and the 










Figure 4.24  Side view of 3D supercapacitor. 
 
As shown in Figure 4.24, warpage occurs due to material shrinkage during the 3D-
printing process, which causes the corners of the print to lift and detach from the build 
plate. When plastics are printed, they initially expand slightly, but then contract as they 
cool down. If the material contracts too much, this causes the print to bend up from the 
build plate. Some materials shrink more than others (e.g. PC has a higher shrinkage than 




The best way to avoid warpage is by using a heated build plate. This keeps the material 
at a temperature just below the point where it solidifies (the glass transition 
temperature), ensuring it stays flat and connected to the build plate. When you use a 
heated build plate it is important to use the right temperature. 
The warpage of the frame as shown in Figure 4.24 occurred at the edge of the frame. It 
did not appear to affect the performance of the EDLC sample because the both electrode 
materials built on those two sides of casing were still in good positions. The EDLC 
sample still operated as supercapacitor and the electrical performance were measured 
and presented in the following section.  
4.3.2 Performance evaluation 
The CV of the supercapacitor was assessed using the same VersaStat 3 electrochemical 
workstation. As shown in Figure 4.25, the electrochemical character of a 3D printed 
supercapacitor was measured according to the corresponding current response against 
the applied voltage. The CV curve shape shows that the device operated as a 
supercapacitor. From the Figure, the capacitance, C1, of the 3D printed EDLC can be 
calculated by the equation (3.1). 
The capacitance calculated was 212 mF. The specific capacitance of the supercapacitor 
was about 205 mF/g. These results demonstrate that the manufacturing process for the 
supercapacitor printed by 3D printing illustrated above is a satisfactory fabrication 
method. 
 





GCD is another method used to determine the capacitance of the ELDC.  The charge 
and discharge processes are set at a specific current to evaluate the capacitance. The 
GCD curves of the EDLC samples are illustrated in Figure 4.26. The capacitance 
calculated was 258 mF. The specific capacitance of the supercapacitor was about 262 
mF/g. Both the capacitance and specific capacitance were calculated using equation 
(3.3) and (3.4). The initial portion of a discharge curve exhibits the iR drop due to 
internal resistance. The high internal resistance was probably due to corrosion of the 
current collector. 
 
Figure 4.26 Galvanostatic charge/discharge curves recorded at a charging current 
of 0.015 A. 
As mentioned above, integration of the two 3D printing methods created a fabrication 
process without any movement of sample, potentially giving a high dimensional 
accuracy of sample. However, the limitation of this method was the build platform 
required readjusting between printing the FDM and the paste materials. The print head 
modified required to be further modified in order to set both of the nozzle tips at the 
similar level at the beginning of the fabrication process without requiring an adjustment 
of the bed platform after the FDM printing was complete. 






In this chapter, supercapacitors were manufactured using two fabrication methods. In 
the first method, a combination of inkjet printing and 3D printing process was applied. 
The FDM 3D printer offered freedom to create the frame of supercapacitor in different 
shapes, and the inkjet printing process provided the ability to print on an uneven surface 
with different designed patterns. This manufacturing method was successful in 
fabricating a functioning supercapacitor, however, building the current collector using 
inkjet printing required numerous iterations of printing in order to create an 
appropriately thick current collector. Furthermore, constructing electrode material using 
a coating method presented difficulty in the drying time process. Due to these reasons, it 
was decided to attempt to manufacture an alternative supercapacitor using the 
integration of two 3D printing technologies. 
A combination of the two 3D printing processes was developed. An FDM system was 
employed to create the frame, and a paste extrusion system was used to deposit 
conductive current collectors and electrodes. A new frame design also used to simplify 
the supercapacitor and remove any assembly requirement. Moreover, this 
manufacturing method allows for a much wider range of component materials to be 
used than with inkjet printing, and more flexibility in terms of the design. 
Table 4.2 Comparisons of capacitance and specific capacitance of the samples 














      
FDM + Inkjet  0.386 6.29 53.83 6.51  59.23  
FDM + Paste 
extrusion 
0.727 212 205 258  262  
 
It can be seen that the EDLC samples (Pilot sample 2) fabricated using the combination 




capacitance than the first fabrication method (Pilot sample 1). The difference in 
capacitance and specific capacitance can be accounted for several reasons: 
1) A different electrolyte was applied. An organic electrolyte was used in the second 
manufacturing method which resulted in a higher energy density 
2) Although both EDLC samples were fabricated with the same thickness of electrode, 
the length and width of electrodes were different. The EDLC sample fabricated using 
the second method had a larger surface area which resulted in improved performance. 
3) During the fabrication process of the second method, drying time was considered 
carefully to avoid cracking of the carbon electrode. Cracks in the electrode of the first 
sample may have caused internal resistance and hence impaired the performance of the 
sample. 
In conclusion, the FDM process integrated with the paste extrusion process appears to 
offer superior capabilities for fabricating supercapacitors, as compared with an 
integration of FDM and inkjet printing. However, the electrical performance and 
packaging frame of the supercapacitor would be improved by optimising the 
manufacturing process and component materials, which is explored in the next chapter. 
For example, it might be possible to increase the electrical performance when each 

















Chapter 6 Design and fabrication of extendable 




This chapter describes the design and manufacturing process for an extendable 3D-
printed electrochemical supercapacitor, and tests its performance properties. Based on 
the improvement shown in the pilot experiment by using a paste extruder to construct 
the current collectors and electrodes, this idea was taken forward. 
The design of the supercapacitor was similar to that used for the pilot sample 2 in the 
previous chapter. An FDM printer was combined with a paste extrusion system, so that 
the device could be printed in a single process. The FDM printer first prints a plastic 
casing for the device consisting of two halves joined by a hinge. Once complete, the 
paste extruder is used to first print silver paint current collectors on each half, and then 
to print carbon electrodes on top. 
A key advancement from the pilot sample 2 in the previous chapter is that the paste 
extruder now also prints the electrolyte separator. PVA electrolyte gel is used as the 
separator so the fabrication process is entirely 3D printed except for the closing of the 
casing (i.e. combining the two halves). 
A further improvement attempted by the design is to make the devices extendable. The 
frame and current collectors of the devices are designed with slots and matching 
protrusions, such that multiple devices may be stacked end to end to form a larger 




Four separate samples of these newly designed devices were tested using CV and GCD 
tests for their reproducibility, with moderately successful results. The design was also 
tested using 5 different thicknesses of electrodes, which determined 2.0mm to provide 
the optimal performance. Finally, the efficacy of the extendable design was successfully 
verified. These results are discussed in detail in the conclusion as well as possible 
improvements to the manufacturing process and durability. 
 
5.2 Experimental methods                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
5.2.1 Material  
The material used to build the supercapacitor frame in this experiment was polylactic 
acid (PLA) filament with a diameter of 2.89 mm. Silver conductive paint was used as 
the current collector material. The materials used for mixing electrode slurry and 
electrolyte include activated carbon (AC) (AR grade, 1375 µΩ.cm), Sodium 
carboxymethyl cellulose, CMC (C28H30Na8O27, MW: 250,000), ethanol (≥ 99.8%, ACS 
grade), phosphoric acid (H3PO4) and PVA (MW 146,000-186,000, > 99% hydrolysed). 
Preparation of the electrode slurry was achieved by mixing the activated carbon (AC) 
with CMC solution. The CMC binder solution was mixed with distilled water/ethanol 
(1:1) solvent at room temperature. The concentration of CMC was fixed at 5 wt% based 
on total mass of AC and CMC, in which 2 g activated carbon was added to the 50 ml of 
CMC binder solution. The slurry prepared was stirred for 8 hours before the experiment 
in order to make it homogeneous and suitable for printing. The conductivity of the 
slurry was about 102 Ω/sq.  
The gel electrolyte was made by dissolving 0.8 mL H3PO4 and 1.0 g PVA in 10 mL 
deionized water. All the materials used in the experiment are low cost, nontoxic and 
easily available.  
5.2.2 Printers and modification of the printer head 
The printers used in this experiment were the same as in the previous chapter. The 
primary 3D printer used was the FDM printing machine (Ultimaker 2), which was 
integrated with the paste extrusion system. FDM technology offers a simple fabrication 
process, reliability, safe, low cost of material and accessibility to several different types 




spool was driven using two rollers and forced out through a small temperature 
controlled extruder. Then the filament was transformed to the semi-molten polymer and 
deposited onto a platform in a layer by layer process. To build the sample, filament was 
deposited from the extruder that moved in the x-y plane. When each layer was 
complete, the base platform was lowered in order to deposit the next layer and so on. 
The temperature of the base platform was set at low temperature, so that the 
thermoplastic filament quickly hardens.  
The printer head of the FDM machine was modified in order to match the height of the 
dual extrusion head. As shown in Figure 5.1, the Ultimaker printing head typically had 
two fans located on each side of the extrusion nozzle. The right-sided fan was removed 
and replaced by a clamp designed to fit the paste extruder tube and nozzle head. After 
the modification, the FDM extrusion head and paste extrusion head were set at the 
similar height as shown in Figure 5.2. This modification allowed for the nozzle tip of 
the paste extrusion system to be set at the beginning of the fabrication process without 
requiring an adjustment of the bed platform after the FDM printing was complete. This 
was done to simplify the manufacturing process and to simulate how a fully integrated 
printer might function.  
 






Figure 5.2  The position of the dual extrusion after modification. 
 
The paste extrusion system was employed for building the current collector layer, 
electrode layer and separator with electrolyte layer. The system consists of a stepper 
motor, a syringe connected with a plastic tube and a nozzle. During the manufacturing 
process of supercapacitor, the frame was printed using the FDM printer, whereas, the 
other materials of the supercapacitor were printed by the paste extruder. In order to 
deposit the paste materials, the syringe was forced by the stepper motor and paste 
material flowed along the plastic tube to the nozzle. This function was automated and 
controlled by CURA software. CURA software was used to control the manufacturing 
process, which is compatible with both FDM and paste extrusion system, to set up all 
specifications of printing including transforming STL file to g-code. G-code is one of 
many programming languages used in machine automation, which has also been used in 
this manufacturing process to control the speed of the stepper motor of the paste 
extrusion system in order for the appropriate amount of the material to be printed.  The 
most distinguished advantage of this manufacturing system is that it utilizes two 
printing systems at the same time, which can provides the following benefits: 1) 
different types of materials needed for manufacturing supercapacitors can be applied in 
the system, 2) the products designed can be fabricated in one continuous process to 





5.2.3 Manufacture of extendable supercapacitor  
1) Design the extendable supercapacitor frame 
The aim of this study was to develop one printing event to manufacture the 
supercapacitor and to design an easy assemblable and extendable supercapacitor. The 
structure of the extendable supercapacitors was designed based on the working 
mechanism of capacitor. Each individual supercapacitor consists of three layers (frame 
base, current collector layer and electrode layer) on each side with an electrolyte layer 
in the middle, as shown in Figure 5.3. The packaging frame of the supercapacitor was 
similar to a hinge with a size of 40 x 40 mm and technical drawing of designed sample 
was presented in an appendix A.  There is a linking mechanism on the bottom of the 
supercapacitor, which offers the possibility for each frame to be directly connected, as 
shown in Figure 5.4. When these frames are connected, it will expand the storage area 
and also increase the energy storage performance. The design of the structure and all 
layers of the supercapacitor was created using Solidworks®. 
 
Figure 5.3 Schematic of the structure of the extendable supercapacitor. 
 
Figure 5.4  The frames of the supercapacitor and the extension functionality. 





2)  Manufacturing of the extendable supercapacitors 
The FDM printing head was used for printing the frame. The speed of printing was 
adjusted to 50 mm/sec. PLA filament material was used in the printing process. In this 
process, PLA was heated and extruded through a nozzle with size of 0.4 mm that draws 
the cross sectional geometry of the part layer by layer. The temperature of the extruder 
was heated to 220 oC to melt the PLA filament and the platform was kept at 60 oC. After 
the packaging frame had been printed, the current collector layer was printed on the 
surface of the frames. The paste extrusion system being connected with FDM printer 
provided the possibility to print various materials which may not need to be heated, and 
it enabled the manufacturing process to be continuous without disruption.  In this 
experiment, the extrusion head of the paste extrusion system was set next to the main 
extrusion without heating the materials. The distance between the extrusion head and 
substrate was adjusted to approximately 0.5 mm. This type of combined printing system 
was applied to print three different materials for manufacturing the supercapacitors. 
Silver conductive paint was printed over area of 32 x 32 mm on both sides of the frame. 
The silver paint was printed twice then dried at room temperature before the carbon 
slurry layer was printed on it in the next step. The drying time used for silver conductive 
paint was one hour for each layer of the printed silver current collectors. This silver 
material has been reported in manufacturing of EDLC devices previously [34, 47] and 
in their study, the silver material was used as current collector and presents a 
satisfactory performance. The electrode material layer (AC slurry) was deposited on top 
of the silver conductive paint over area of 30 x 30 mm on each side of the frame. The 
slurry of the electrode material was printed five times on the same position and dried at 
room temperature. The drying time used for each time of the printed electrode was 
around 30 minutes and when the final layer of printed was completed due to the 
thickness 2 mm as shown in Figure 5.5, the drying time used for the whole printed 
electrode was around 60 minutes. Finally, PVA gel electrolyte was printed on top of the 
AC material in order to build a separator for these supercapacitors, which was only on 






Figure 5.5 Electrode slurry material printed on top of the silver paint. 
The frames were folded over to sandwich the separator, and an assembled 
electrochemical supercapacitor was completed, as shown in Figure 5.6. There was no 
pressure applied to the EDLC cell due to properties of the gel electrolyte used. This gel 
electrolyte had excellent film forming and adhesive properties because of the use of 
PVA. The PVA gel electrolyte not only performed as a separator for the EDLC devices 
but also behaved as a sealant for the devices. When the EDLC devices were assembled 
it was certain that both electrodes were in a good contact due to the properties of the gel. 
 






5.3 Results and Discussions 
5.3.1 Effect of scan rates on the capacitance of the 3D printed supercapacitor 
(Sample no: 1) 
CV tests for Sample no: 1 were carried out and the CV curves were recorded using a 
potential window range of 0 ~ 0.8 V at different scan rates of 0.02 V/s, 0.06 V/s and 
0.10 V/s as shown in Figure 5.7.  
 
Figure 5.7 Cyclic voltammogram curves of the 3D printed supercapacitor sample 
at different scan rates. 
 
The shape of the CV curve shows that the device operated as a typical supercapacitor, 
however, it is not completely rectangular as it would be expected for a perfect 
supercapacitor. This might be caused by high resistance of electrode material resulting 
in a deformed rectangular shape. The capacitance calculated using Equation (3.1) was 
182 mF at the scan rate of 0.02 V/s, and decreased to 65 mF and 32 mF at the scan rates 
of 0.06 V/s and 0.10 V/s, respectively.  It is implied that the change of scan rate affects 
the performance of the supercapacitor, e.g. the capacitance. The capacitance decreased 
with the increase of scan rate because the diffusion process of ions is less efficient at the 




supercapacitor, the diffused ions from electrolyte have sufficient time to access into the 
inner porous of the electrode material, providing the supercapacitor with a high 
electricity capacitance. In contrast, when higher scan rates are employed, the efficiency 
of ions penetrating into the inner pores of the electrode material is gradually reduced, 
resulting in a lower electrical capacitance. Similar results of CV curves with different 
scan rate have been reported previously [139-140]. The highest capacitance of the 
EDLC Sample 1 printed by the 3D printing process was 182 mF at the scan rate of 0.02 
V/s and it was not as high as expected. This is considered to be affected by the high 
resistance of the AC slurry electrode material due to PVA penetrating into the carbon 
pores leading to an increase of resistance. The specific capacitance was 193 mF/g 
calculated by Equation (3.2).   
5.3.2 GCD measurement 
The GCD curves recorded (five cycles at a charge current of 0.015 A) are shown in 
Figure 5.8. 
 
Figure 5.8  Galvanostatic charge/discharge curves recorded at a charging current 
of 0.015 A. 
 
It can be seen from the charge/discharge curve shown in Figure 5.8 that the 3D printed 




similar size of the iR drop for each charge/discharge curve. Five cycles of the charge 
and discharge curves show an ideal EDLC behaviour with a short charge/discharge 
period of less than 8 second. The capacitance calculated using Equation (3.3) from GCD 
was 224 mF, which is slightly different compared to total capacitance obtained from CV 
curve measured at 0.02 V/s. The different capacitance calculated from these two 
methods could be due to the time-scales applied in measurement. The time-scales in CV 
test can be defined using the scan rate and potential window. On the other hand, the 
GCD tests apply a specific charge/discharge current and a potential window. The total 
experiment time is a result of the calculated capacitance. The specific capacitance of the 
printed supercapacitor sample calculated using Equation (3.4) from GCD curve was 238 
mF/g, which was based on the total mass of electrode materials.  
5.3.3 Effect of charging/discharging on the capacitance of the 3D printed 
supercapacitor (Sample no: 1) 
Figure 5.9 show the GCD curve of the 3D printed EDLC recorded at different charge 
current of 0.002, 0.004, 0.006, 0.008, 0.010, 0.012, and 0.014 A. 
 
Figure 5.9 Galvanostatic charge/discharge curves recorded at different charging/ 





As shown in Figure 5.9 the GCD curve of a sample 1 recorded at different charge 
current of 0.002, 0.004, 0.006, 0.008, 0.010, 0.012, and 0.014 A. The iR drops of all 
GCD curves were presenting at an early stage. When the charging/discharging current 
was increased, the iR drop also increased. The increasing of the charge current 
significantly affected the charging/discharging time. (Figure 5.9 and Table 5.1) The 
capacitance of sample 1 decreased from 270 to 224 mF when the charging/discharging 
current increased from 0.002 to 0.014 A. The capacitance decreased at higher 
charge/discharge currents because the ions from electrolyte cannot transfer from the 
electrolyte to some of the available inner porous structure due to insufficient time. The 
capacitance at the charging current 0.014 A was still 84% of the measured at the 
charging current of 0.002 A. This can be implied that the AC used as electrode materials 
has an outstanding porous structure. The electrolyte can certainly access to this structure 
even under higher charge current.  
Table 5.1 Capaciatance, iR drop and discharge time based on GCD curves for the 3D 
printed EDLC (Sample no:1) recorded at different charge/discharge currents.  
Charging/discharging 




































5.3.4 EIS measurement  
In addition, electrochemical impedance spectroscopy (EIS) is a method providing a 
further study insight of the electrical characteristics of a supercapacitor and can also be 




ESR can be used to determine the resistance of cell components such as contact 
resistance between current collectors and electrodes and electrolyte resistance. In this 
method, an electrochemical supercapacitor sample is tested using a small alternating 
current (AC) over a different range of frequencies (0.01 Hz to 1 MHz). The result of 
measurement derives from changes in current caused by the impedance of the sample 
and is used to draw on a Nyquist plot which charts imaginary resistance (Z”) against 
real resistance (Z). The ESR corresponds to the intersection of the impedance curve at 
the x-axis in the Nyquist plot [21-22]. Figure 5.10 shows a typical Nyquist plot of a 3D 
printed EDLC at high frequencies from 100 kHz down to 0.01 Hz and the ESR is about 
38 Ω. In this study, there is no semicircle shape in the higher frequency range because 
contact resistance and the charge transfer resistance were low.  At intermediate 
frequencies, some ion diffusion behaviour of the electrolyte inside the electrode was 
seen as the inclined line. At lower frequencies, the device with aqueous acid electrolyte 
exhibited characteristics of a high internal resistance.  
 
 





The energy density and power density of the supercapacitor were calculated as follow 
[141]: 
2




=              (5.2) 
Where C (F/cm2) is the specific capacitance of the supercapacitor; ΔV (V) is the applied 
voltage; Δt (s) is the discharge time. E and P are the corresponding energy density and 
power density, respectively. 
Table 5.2 shows electrical performance of the 3D printed EDLC. The single-electrode 
specific capacitance of the device calculated using Equation 3.5 was 953 mF/g. The 
energy density was 76.26 mWs g-1 with a corresponding power density of 95.36 mWg-1.  





















no:1 0.942 45.99 182 193 224 238 76.29 95.36 
 
The 3D printed EDLC showed this limited electrical performance because of high 
internal resistance. The high internal resistance was probably due to the thickness of the 
electrode and poor penetration of PVA gel electrolyte and also corrosion of the current 
collector. The electrode material was prepared using AC and CMC without H3PO4 and 
fabricated with 2 mm thickness. This might have caused a low capacitance because not 
all pores of the thick carbon electrode were filled with the electrolyte solution. In 
addition, the PVA gel electrolyte (as separator of the device) that penetrated into the 
electrode and might obstruct the pores of the carbon electrode may have resulted in 
inactive areas of the electrode. As mentioned above, both electrode materials have been 
penetrated by the gel electrolyte. This might have destroyed some area of the silver 




These three factors significantly influenced the high internal resistance of the device and 
are reasoned to decrease the capacitance of the device. 
Compared to other methods for manufacturing EDLC, 3D printing techniques provided 
a possible way to create a supercapacitor frame in different sizes and shapes, and the 
paste extrusion system offered a wide range of materials that can be applied to deposit 
through the system. As mentioned above, integration of the two 3D printing methods 
encouraged one continuous fabrication process without any movement of sample, 
potentially giving a high dimensional accuracy of sample. However, the limitation of 
this method was the lack of a uniform AC printed electrode. The electrode slurry had a 
low viscosity which resulted in an uneven surface. The properties of the slurry could be 
improved in the future. In addition, the fabrication technique needs to be carefully 
controlled to provide consistency. 
5.3.5 Reproducibility of the manufacturing process 
After the initial manufacturing and testing, another three new EDLCs (Samples no: 2, 3, 
and 4) were manufactured under the same conditions as Sample 1 and characterized by 
CV and GCD tests. The CV and GCD curves of the four samples are shown in Figure 
5.11 and 5.12. It can be seen that the areas of the CV and GCD curves measured are all 
similar and the capacitances, and specific capacitances calculated from the CV and 
GCD curves are only slightly different, as shown in Table 5.3. The average capacitance 
and specific capacitance calculated from CV curves for the three new supercapacitors 
are about 174 mF, and 183 mF/g respectively. In addition, the average capacitance and 
specific capacitance calculated from GCD curves for the three new supercapacitors are 
about 215 mF, and 227 mF/g respectively. Both capacitance and specific capacitance 
calculated from CV and GCD curves are about 94% and 95% of Sample 1.  Standard 
deviations of all experimental data results are also less than 0.01 %. These results 
demonstrate that the manufacturing process developed in this study for printing the 






Figure 5.11  CV curves of the four EDLC samples at the scan rate of 0.02 V/s. 
 
 
Figure 5.12  Galvanostatic charge/discharge curves recorded of the four EDLC 
samples at a charging current of 0.015 A. 
Table 5.3 Capacitance and specific capacitance of four EDLC samples manufactured 
under the same condition. 
 Calculated from CV Calculated from GCD 
Sample C1, (mF) Cs1, (mF/g) C2, (mF) Cs2, (mF/g) 
no:1 182 193 224 238 
no:2 177 189 218 232 
no:3 168 171 209 214 
no:4 169 181 208 224 
Average value 174 183 215 227 




5.3.6 The effect of the thickness of electrode on capacitance 
The frame of the supercapacitor was designed and fabricated with different depths, e.g. 
0.5, 1.0, 1.5, 2.0 and 2.5 mm, in order to study the effect of electrode thickness on 
capacitance. All the EDLC samples were made under the same manufacturing process. 
The capacitances of the five samples with different thicknesses of electrode were 
determined using the CV and GCD curves. The CV curves were recorded using a 
potential window range of 0.8 V at the scan rate of 0.02 V/s, and the GCD curves were 
recorded at a charge current of 0.015 A, as shown in Figure. 5.13 and 5.14.  
 
Figure 5.13 The cyclic voltammogram curves of the five EDLC samples with 
different electrode thicknesses. 
 
Figure 5.14 Galvanostatic charge/discharge curves of the five EDLC samples with 



























Table 5.4 shows the capacitance of C1 and C2 of the 5 samples calculated from the CV 
and GCD measurements and their corresponding specific capacitance Cs1 and Cs2. 
Figure 5.15 shows the mass of the two electrodes and the capacitance of the 5 samples 
as a function of the electrode thickness.  It can be seen that increasing the AC electrode 
thickness directly affects the mass of AC electrode and also the capacitance of the 
samples. Below the thickness of 2 mm, the mass of the electrode and the capacitance of 
the EDLCs increase together as the thickness of the electrode increases, and they 
increase almost linearly and at the similar increasing rate.  However, when the thickness 
of the electrode is more than 2 mm, the capacitance of the EDLC decreases although the 
mass of the electrode continuously increases. The decreased capacitance of the thicker 
electrode can be caused by the following reasons; 1) thicker electrode may increase the 
internal resistance of the supercapacitor, 2) the diffusion time of electrolyte was 
extended longer when the thickness of electrode increased. 
 
Table 5.4 Capacitance and specific capacitance of the samples calculated from CV 
curve and GCD curves. 
  Calculated from 
CV curve 















0.5 0.212 125 589 166 785 
1 0.455 155 340 195 463 
1.5 0.698 172 240 212 313 
2 0.945 194 205 234 248 







Figure 5.16 shows that the specific capacitance of the EDLCs decreases at almost the 
same rate when the AC electrode thickness increases from 0.5 mm to 2.5 mm; and it 
decreases a faster speed when the thickness of the electrode is more than 2 mm.  This is 
in agreement with the results shown in Figure 5.15. 
 
 
Figure 5.15 Capacitances calculated from CV and GCD for the five samples with 
different electrode thicknesses. 
 
Figure 5.16  Specific capacitances calculated from CV and GCD for the five 
























































































5.3.7 Testing the extendable supercapacitor 
Supercapacitors can be applied in a wide range of applications when operated in 
different combination, e.g. to form series or parallel circuits, which can offer a desired 
operating voltage and energy. As mention above, the supercapacitor frames in this 
experiment were designed to be able to connect to each other. To verify the energy 
storage capability and operating potential, two extendable supercapacitors were 
examined in three combination circuits, which are series, parallel and direct connection 
(which is the same as the parallel circuit in theory). The sample with 2.0 mm thickness 
described above (sample a) and a new sample made with the same condition (sample b) 
were used in this test. Figure 5.17 shows the schematic structure of the two single 
extendable supercapacitors and their series, parallel and direct connection combination 
circuits. In order to examine these combination circuits, two different working potential 
were applied. The working potential (0.8 V) was applied for the individual single 
supercapacitors, two extendable samples in parallel circuit, and the two samples in 
direct connection. For the series combination circuit, the working potential was two 
times (1.6 V) the samples in parallel.   
 
 
Figure 5.17 Schematic of two extendable supercapacitors combined in series, 





The capacitances from CV curves of all samples and combination circuits were 
calculated by Equation 3.1 and 3.2 and shown in Table 5.5. Figure 5.18 presents the CV 
curves for the different combination circuits. The capacitance of the direct connection 
circuit and parallel circuits are similar to the sum of the capacitance of the two 
individual samples a and b; the capacitance of the series circuit is nearly half of the 
capacitance of the individual samples. The direct connection of two EDLCs samples 
show the results of slightly higher capacitance compared to the parallel circuit 
combination. 
Table 5.5 The Capacitance of the samples calculated from CV curve and GCD curve. 
 Capacitance (mF) Capacitance (mF) 
 (CV) (GCD) 
 experiment Theory experiment Theory 
Sample 1 194  221  
Sample 2 165  195  
Series 87 86 112 103 
Parallel 342 359 405 416 
Direct connection 355 359 411 416 
 
 
Figure 5.18  CV curves recorded at 0.02 Vs-1 for the two single extendable 


























Figure 5.19  GCD curves recorded at 0.015 A for the two single extendable 
supercapacitors and their electrical combination in series, parallel and direct 
connection. 
Figure 5.19 shows the GCD curve at charge currents of 0.015 A for the two individual 
samples and the series circuit and 0.030 A for the parallel and the direct connection 
circuit. The potential window of the parallel and the direct connection circuit was 0.8 V, 
similar to those of the two single EDLC samples, and half of the series circuit. The 
capacitances of different combination circuits calculated from the GCD curves exhibited 
similar results to those calculated from CV curves. This is believed to be because the 
direct connection between two EDLC samples without any wires provided a lower 
resistance compared to the parallel circuit connected by wires. Furthermore, it can be 
seen from the above results that the designed frame of these EDLCs can be operated to 
extend the storage capacity of supercapacitors. The most important observation is that 
all the experimental results obtained from the different combination circuits are very 
close to the theoretical results, as given in Table 5.5. This demonstrates that all the 





5.3.8 The electrochemical stability of the extendable supercapacitors 
Another important property of supercapacitors is their cycle stability. Commercial 
supercapacitors are well recognised for possessing long life cycles in which they can 
operate at full capacity, even after half a million cycles. At lab-scale testing, 1000 to 
10,000 cycles are generally conducted for investigating the cell’s cycle durability. One 
cycle would equal to one charge/discharge cycle at a constant current density. Extensive 
cycling degrades the electrodes and induces corrosion in the cell’s components, 
resulting in capacitance reduction and rise in ESR. Therefore, comparing the initial and 
the final performance from the cycle testing provides a foresight on how the material 
will perform in real applications where it may be utilised to through thousands of 
cycles. 
The electrochemical stability of the 3D printed EDLC was examined through repeated 
use and reiterations of CV measurement up to the 500th cycle. The time used in this 
experiment was about 4 hours. Figure 5.20 shows CV curves for different cycles 
recorded at the scan rate of 0.10 V/s. It can be seen that as the cycle iteration increased, 
the area of the CV curve reduced indicating a reduction in the capacitance of the 
sample.  
The corresponding capacitances calculated from the CV curves are shown in Figure 
5.21. If the capacitance calculated from the 5th curve is taken to be the initial 
capacitance (100%), by cycle iteration 100, the capacitance had decreased to 77.03% of 
the initial capacitance. Furthermore, by cycle iteration 300, the capacitance had dropped 
further to 57.19% of the initial capacitance. The capacitance continued to drop to 
49.12% of the initial capacitance by the final measurement at iteration 500. The cause of 
this continuous loss of capacitance is assumed to be due to decreasing ion diffusion in 
the electrolyte through the evaporation of the electrolyte solvent. 
500 cycles was considered enough to determine the rate of degradation such that future 
degradation may be extrapolated. Being one of many tests carried out, time constraints 
were inevitably a factor discouraging a longer life-cycle test. Commercial 
supercapacitors can remain effective after hundreds of thousands of cycles, so the 
samples are not comparable in this respect. 
The EDLC samples were examined in cycle stability, however they could operate 




because of decreasing ion diffusion in the electrolyte through the evaporation of the 
electrolyte solvent. In addition, silver conductive paint could corrode resulted to 
decrease the cycle stability of the samples. 
 
Figure 5.20  Stability of CV measurement for 3D printed supercapacitor. 
 
Figure 5.21 The relationship between the capacitance calculated from the CV 





5.3.9 Demonstration of the practical usage of the extendable supercapacitors 
 
As shown in Figure 5.22, the three extendable supercapacitors have been connected to a 
portable LED lamp in order to demonstrate their function in an example practical 
application. The electrolyte used in the extendable EDLC was phosphoric acid (H3PO4) 
which provided the EDLC with a working voltage of about 0.8 V. Since the LED 
possessed the working potential of about 2.0 V, the three EDLCs were required to 
power it. These three samples were directly connected to each other and can be fully 
charged within about 2 mins. Afterwards these three samples were connected in series 
combination to power the LED lamp. The fully charged samples were able to keep the 
LED properly lit for more than 3 mins. This demonstration shows that the extendable 
supercapacitor has the potential to be employed as a mobile energy supply.  
 
 
(a)                                              (b) 
Figure 5.22 (a) Photograph of a green LED and three charged extendable 
supercapacitors in an open circuit; (b) Photograph of a green LED turn on by 





5.4 Conclusions  
In this chapter, the extendable supercapacitors were fabricated using the combination of 
two 3D printing technologies, an FDM system and a paste extrusion system. Based on 
the method used in the second pilot experiment, the printer head of the FDM machine 
was modified to match the height of the dual extrusion head. This modification allowed 
for the nozzle tip of the paste extrusion system to be set at the beginning of the 
fabrication process without requiring an adjustment of the bed platform after the FDM 
printing was complete. This was done to simplify the manufacturing process and to 
simulate how a fully integrated printer might function. In addition, the paste extruder 
was employed to deposit the PVA electrolyte as the separator so the fabrication process 
is entirely 3D printed except for the closing of the casing (i.e. combining the two 
halves). 
The most significant advantage of this manufacturing system is that it utilises two 
printing systems at the same time, which provides the following benefits:  
1) Different types of materials needed for manufacturing supercapacitors can be applied 
in the system. 
 2) The products designed can be fabricated in one continuous process to avoid being 
moved so a high dimensional accuracy can be achieved. 
The frame was further improved in design to make the EDLC device extendable. This 
was done by adding slots and matching protrusions, so the devices could be connected 
end to end to form, in effect, a larger supercapacitor. 
For the single device, the first electrical performance test was the effect of scan rates on 
the capacitance. The CV curves were recorded using a potential window range of 0 - 0.8 
V at different scan rates of 0.02 V/s, 0.06 V/s and 0.10 V/s. The results showed that 
changing the scan rate affects the performance of the supercapacitor, e.g. the 
capacitance. The capacitance decreased with the increase of scan rate because the 
diffusion process of ions is less efficient at the higher scan rate. In addition, an 
examination of the effect of charging/discharging on the capacitance was carried out. 
The GCD curves of the device were recorded at different charge current of 0.002, 0.004, 
0.006, 0.008, 0.010, 0.012, and 0.014 A. The results showed that the capacitance 




transfer from the electrolyte to some of the available inner porous structure due to 
insufficient time. 
Certain properties of supercapacitors were assessed using Electrochemical Impedance 
Spectroscopy (EIS), which outputs the results in the format of Nyquist plots. The plot 
typically displays information about the capacitance, ion-diffusion, and resistance of the 
device. There was no semicircle shape exhibited in the higher frequency range 
indicating that contact resistance and the charge transfer resistance were low.  At 
intermediate frequencies, some ion diffusion behaviour of the electrolyte inside the 
electrode was seen as the inclined line. At lower frequencies, the device with aqueous 
acid electrolyte exhibited characteristics of a high internal resistance. It is reasoned that 
the high internal resistance was due to the thickness of the electrode and poor 
penetration of PVA gel electrolyte and corrosion of the current collector. These three 
factors significantly influenced the high internal resistance of the device and are 
believed to have decreased the capacitance of the device.  
After the initial manufacturing and testing, another three new EDLCs (Samples no: 2, 3, 
and 4) were manufactured under the same conditions and characterised by CV and GCD 
tests. The manufacturing process showed a good reproducibility.  
Different electrode thicknesses of EDLC samples delivered different capacitances. The 
electrode with 2.0 mm thickness showed the highest capacitance. The capacitance did 
not increase after it reached the maximum even though there was a further increase in 
the electrode thickness. In addition, increasing the electrode thickness resulted in 
decreasing the specific capacitance.  
Cycle stability is one of the most important properties of supercapacitors. The 
electrochemical stability of the 3D printed EDLC was examined through repeated use 
and reiterations of CV measurement up to the 500th cycle. The results showed that as the 
cycle iteration increased, the area of the CV curve reduced, indicating a reduction in the 
capacitance of the sample. The cause of this continuous loss of capacitance is assumed 
to be due to decreasing ion diffusion in the electrolyte through the evaporation of the 
electrolyte solvent. 
To characterise their electrical properties as a power supply, two EDLCs samples were 
connected in three different combinations. All three combinations showed a good 




combinations, which implies that the extendable supercapacitors can be joined in 
different combination circuits to provide energy/power as desired. The designed frame 
offered possibility of two or more EDLCs to be simply connected to each other without 
wires and also provided a good performance for storing energy as a parallel connection.  
For the practical usage of the extendable supercapacitors, the three extendable 
supercapacitors have been connected to a portable LED lamp in order to demonstrate 
their function in an example practical application. These three samples were directly 
connected to each other and can be fully charged within about 2 mins. Afterwards these 
three samples were connected in series combination to power the LED lamp. The fully 
charged samples were able to keep the LED properly lit for more than 3 mins. This 
demonstration shows that the extendable supercapacitor has the potential to be 
employed as a mobile energy supply.  
In comparison to the sample 2 of the pilot test from the previous chapter, the extendable 
supercapacitors obtained a better electrical performance. The difference in capacitance 
and specific capacitance can be accounted for several reasons: 
1) A different electrolyte was applied. EDLC devices with an aqueous acid electrolyte 
normally present lower energy densities than devices with an organic electrolyte. In this 
experiment, the extendable supercapacitors with an aqueous acid electrolyte and an 
electrode thickness of 1.5 mm obtained a capacitance and specific capacitance similar to 
sample 2 of the pilot test. The electrode areas of the extendable devices were smaller. 
This result represented an improvement of manufacturing method in terms of uniform 
control of different pastes in the process. Moreover, the PVA gel electrolyte performed 
well and can be used to replace the filter paper separator. 
2) As mentioned above, the modification of the printer head and usage of PVA gel 
electrolyte provided possibility to fabricate the EDLC devices in one continuous process 
to avoid being moved, so a high dimensional accuracy could be achieved. 
For further development of 3D printed supercapacitors, improving the electrical 
performance of the EDLCs can be performed by applying different electrode materials 
and also controlling consistency of the manufacturing process in order to obtain a 







Chapter 7 Development of metal-free supercapacitor and 




The purpose of this chapter is to investigate, experimentally, the performance of the 
designed 3D-printed supercapacitor when altering the materials used to construct the 
current collectors and electrodes. Beyond improving performance, there may be other 
reasons for wishing to change the fabrication materials. Depending on the designed 
purpose; durability, cost, manufacturing simplicity, or ecological impact, for example, 
may be a priority over optimum performance of the EDLC. To this end, this chapter 
also investigates the effectiveness of a metal-free supercapacitor, which may have the 
potential to improve durability, and reduce dependence on increasingly scarce metals. 
As detailed in the literature review (2.4.1 and 2.4.2), general performance of electrode 
and current collector materials has been previously studied. Although this existing 
research acts as a strong guide for the expected performance of materials, the 
performance may differ in this study’s design due to the different manufacturing 
process. In particular, although materials such as activated carbon and silver have been 
previously examined, they have not been intensively studied when deposited in paint or 
slurry form, as is required for 3D printing. For this reason, it was considered necessary 
to investigate the materials used within this design experimentally. 
Activated carbon conductive paint was previously identified as a suitable candidate 
electrode material, and is used in all but one of the material combinations tested. The 
raw product used, Bare Conductive® Electric Paint, was too viscous for 3D printing, so 
it was necessary to dilute it in water. The first part of this chapter experiments to find 
the optimal ratio of carbon paint to water within a metal-free design, using carbon paint 




of carbon paint produces highest capacitance. Concentrations above 13 wt% were found 
to be unusable in this case because it was too viscous so that the mixture of slurry could 
not be deposited through the nozzle of the printing head.  
As metals are finite global resources and can also deteriorate through corrosion, there is 
a special interest in metal-free designs. There are several existing studies of metal-free 
supercapacitors, most of which fabricate current collectors from graphite foil or carbon 
nanotubes with a coating method. 3D printing offers new possibilities for metal-free 
supercapacitors in terms of geometries and materials which may result in improved 
performance or lower production costs. The metal-free supercapacitor sample developed 
in the first part of this chapter was further tested for reproducibility and optimal 
electrode thickness. The design was found to be highly reproducible and optimised with 
a 2 mm electrode thickness. 
Finally, this chapter compares the performance of sample EDLCs constructed to the 
same design used in the previous chapter, but varying the form of carbon used as the 
electrode material. Different electrode materials based on activated carbon (AC), carbon 
conductive paint, and a mixture of the two were prepared as three different slurries and 
deposited to form the electrodes of the respective EDLC samples. These samples were 
also compared with the metal-free design developed in the first part of the chapter. 
Results show that both carbon and silver paint functioned well as current collectors, but 
silver paint slightly more so. Carbon conductive paint mixed with AC appears most 
effective as the electrode material. 
6.2 Development of metal-free supercapacitors using 3D printing 
Metal-free supercapacitors were designed and fabricated using a 3D printing process. 
An attempt was made to use carbon conductive paint to create both current collectors 
and electrodes. The method described in this part of the chapter shows a new approach 
for manufacturing metal-free supercapacitors. The effectiveness of different thickness of 
electrodes has been assessed and the reproducibility of the manufacturing process for 
the supercapacitors has been investigated in this work. 
6.2.1 Materials  
The frames of supercapacitors were built using polylactic acid (PLA) filaments with a 




made from carbon conductive paint (Bare Conductive Electric Paint). This carbon 
conductive paint offers the possibility of creating electrically conductive areas onto 
objects using 3D printing. The carbon conductive paint is a water-based material which 
is non-toxic and organic solvent free, and is used for making low-current circuits and 
sensors. The electrolyte in this study consists of phosphoric acid and PVA. The gel 
electrolyte was made by dissolving 0.8 mL H3PO4 and 1.0 g PVA in 10 mL deionized 
water. 
6.2.2 Preparation of the AC slurry for current collectors and electrodes 
Table 6.1 shows different types of AC slurry made from carbon conductive paint mixed 
with distilled water. Five different AC slurries were prepared for the use as current 
collector and electrode. The carbon conductive paint is solvent free and water soluble 
which can be used in stencil and screen printing processes. In this study, the distilled 
water was fixed at 20 g and mixed with carbon conductive paint of 1, 1.5, 2.0, 2.5, and 
3.0 g individually. The slurry was stirred for 2 hours to make a homogenous mixture. 
This slurry does not separate during the processing. When making the AC slurry for 
depositing using 3D printing, it must not be too sticky to flow along a tube of the 
deposition system.  The slurry made with 3.0 g of the carbon conductive paint was 
tested and found to be too viscous so that the mixture of slurry could not be deposited 
through the nozzle of the printing head. 
Table 6.1 List of AC-carbon paint mixtures tested 
AC slurry Carbon 




of AC slurry 
AC no: 1 1.0 g 20 g 4.76 wt% 
AC no: 2 1.5 g 20 g 6.97 wt% 
AC no: 3 2.0 g 20 g 9.09 wt% 
AC no: 4 2.5 g 20 g 11.11 wt% 





*Note that as the concentration of carbon in the carbon conductive paint is unknown, 
the concentration of AC slurry represents the paint/water ratio, not the carbon/water 
ratio. 
6.2.3 The effect of the concentration of carbon conductive paint 
To define the suitable concentration of AC slurries, carbon conductive paint was 
prepared in five different concentrations as shown in Table 6.1. Four different AC 
slurries (no: 1-4) were selected as the material to build current collectors and electrodes 
as they had viscosities that enabled deposition by the paste extrusion system. AC slurry 
no: 5 was too sticky and could not be deposited. Four metal-free supercapacitors were 
fabricated with a laydown thickness of 0.5 mm using AC slurries containing different 
concentrations of carbon conductive paint. The CV curves were recorded using a 
potential window range of 0.8 V at the scan rate of 0.02 V/s, and the GCD curves were 
recorded at a charge current of 0.015 A, as shown in Figure 6.1 and 6.2 
 
Figure 6.1 The cyclic voltammogram curves of the four EDLC samples with 





Figure 6.2 Galvanostatic charge/discharge curves of the four EDLC samples with 
different concentrations of AC slurries. 
Table 6.2 shows the capacitance of C1 and C2 of the four samples calculated from the 
CV and GCD measurements and their corresponding specific capacitance Cs1 and Cs2. 
The shape of the CV curve shown in Figure 6.1 demonstrates that the device worked as 
a typical supercapacitor, which implied that the carbon conductive paint is an 
appropriate material for both current collector and electrode. The maximum capacitance 
achieved was 133 mF at the scan rate of 0.02 V/s. As the results shown in Table 6.2, the 
metal-free supercapacitor made from AC slurry no:4 (carbon conductive paint 2.5 g 
mixed with 20 g distilled water) produced a higher capacitance compared to the other 
AC slurries under the same manufacturing and testing conditions. Figure 6.3 shows the 
relationship between the concentration of carbon conductive paint and the capacitance 
of metal-free supercapacitor. It can be seen that the capacitances of the samples 
increased with increasing concentration of carbon conductive paint in the AC slurries. 
The concentration of AC in the slurries in this experiment increased by adding more 
carbon conductive paint into distilled water, which suggests an increase amount of 
carbon in the slurries. When the amount of activated carbon was increased, the 
conductivity of AC slurries increased and the capacitance of the metal-free 
supercapacitor increased consequently. However, increasing the amount of carbon 
conductive paint further for making AC slurry has to be a concern because the excessive 





Table 6.2 Capacitance and specific capacitance of the four samples calculated from CV 
curve and GCD curves  
  Calculated  
from CV curve 
Calculated  
from GCD curve 
AC slurry Concentration 









no: 1 4.76 wt% 34 69 76 151 
no: 2 6.97 wt% 61 120 103 201 
no: 3 9.09 wt% 91 182 132 264 
no: 4 11.11 wt% 133 259 174 339 
 
In addition, the capacitance in this experiment can be affected by the different printing 
times required to build the electrode in order to complete the 0.5 mm thickness. Due to 
different concentrations of these slurries, less concentrated AC slurries had to be 
deposited around five times to achieve the thickness of 0.5 mm. On the other hand, the 
high concentration AC slurry was deposited two times to achieve at the same thickness 
as shown in Table 6.3. Although the thicknesses of these EDLC samples were similar, 
they were created with different layers. Printing more layers will have generated more 
bonding layers which could increase the internal resistance. This is considered a 






Figure 6.3  The capacitances of the four EDLC samples with different 
concentrations of the AC slurries. 







Mass of each electrode 
layer 
(g) 
Mass of Electrode         
                  (g) 
No: 1 5 0.101 0.511 
No: 2 4 0.127 0.516 
No: 3 3 0.173 0.513 
No: 4 2 0.259 0.515 
 
6.2.4 Reproducibility of the manufacturing process 
 
After a suitable concentration of AC slurry for manufacturing metal-free supercapacitor 
was verified and tested, the reproducibility of the manufacturing process was 
investigated. Having identified the sample with AC slurry no: 4 to have the best 
















































conditions using the AC slurry no: 4, and designated as sample A, B, and C. The 
thickness of electrode was set at 0.5 mm. All the new EDLCs were characterized by CV 
and GCD tests. Figures 6.4 and 6.5 show the CV curve and GCD curve of the three new 
samples. The areas of the CV curves and GCD curves measured are almost the same. 
The average capacitance and specific capacitance calculated for the three new 
supercapacitors are about 0.131 F, and 0.250 F/g respectively, which is about 98% and 
97% as the sample with AC slurry no: 4 described above.  Standard deviations of all 
experimental data results are less than 0.01 %.  Table 6.4 demonstrates that the results 
of the capacitance and specific capacitance of all samples calculated from CV 
measurement using equation (3.1) and (3.2) and from GCD measurement using equation 
(3.3) and (3.4) are only slightly different. These results illustrate that the manufacturing 
process for the metal-free supercapacitors in this study has very good reproducibility. 
 
 
Figure 6.4 The cyclic voltammogram curves of the three new EDLC samples at the 
























Figure 6.5 Galvanostatic charge/discharge curves of the three EDLC samples at a 
charge current of 0.015 A. 
 
 
Table 6.4 Capacitance and specific capacitance of the three samples calculated from 
CV curve and GCD curves 
 
Calculated from CV curve Calculated from GCD curve 
Sample C1, (mF) Cs1, (mF/g) C2, (mF) Cs2, (mF/g) 
Sample A 131 250 171 327 
Sample B 131 255 171 334 
Sample C 130 252 169 328 
Average value 131 253 171 330 




























6.2.5 The effect of the thickness of electrode on capacitance 
The metal-free supercapacitors were fabricated under the same conditions with different 
electrode thicknesses, which were 0.5 mm, 1.0 mm, 1.5 mm, 2.0 mm and 2.5 mm. The 
capacitances, C1 and C2, and their corresponding specific capacitances, Cs1 and Cs2, of 
the five samples were calculated from the CV and GCD measurements as shown in 
Table 6.5 and Figures 6.6 and 6.7. Figure 6.8 shows the mass of the two electrodes of 
the five metal-free EDLCs samples and their capacitances as a function of the electrodes 
thickness. The mass of electrodes was measured before and after the AC slurry was 
deposited and dried. The mass of electrode in this experiment also included the mass of 
the current collector since this slurry was used for both current collector and electrode. 
It was believed that the current collector would function as part of the electrode attached 
with it. For this reason, when charging the supercapacitor samples, the current collector 




Figure 6.6 The cyclic voltammogram curves of the five EDLC samples with 

























Figure 6.7 Galvanostatic charge/discharge curves of the five EDLC samples with 
different electrode thicknesses. 
 
Table 6.5 Capacitance and specific capacitance of the samples calculated from CV 
curve and GCD curves  
 
 Calculated from      
CV curve 






C1     
(mF) 
Cs1         
(mF/g) 
C2          
(mF) 
Cs2         
(mF/g) 
0.5 0.514 133 259 173 338 
1 0.848 178 209 217 256 
1.5 1.174 228 194 263 229 
2 1.498 297 198 338 225 
2.5 1.828 250 136 290 159 
 
 
The results shown in Figure 6.8 demonstrate that the thickness of the electrodes 
significantly affected the capacitance of samples as expected. Below the thickness of 2 
mm, both capacitance and the mass of the electrodes increased linearly with the increase 





























above 2 mm, i.e.2.5 mm, the capacitance of the EDLC sample decreased. The decrease 
of the capacitance obtained with the thicker electrode might be caused by the rate of 
electrolyte diffusion which will be extended when the thickness of electrode is 
increased. In addition, the thicker electrode needed more printing times, which 
increased the internal resistance and thus resulted in a decrease of capacitance. Figure 
6.9 shows the specific capacitances of the samples (Cs1 and Cs2) continuously 
decreased when the thickness of electrode increased. This is in good agreement with the 
literature review obtained by Wang [42], who suggested that the thin film electrode can 
produce a high specific capacitance because its low internal resistance and ease of 
electrolyte ion diffusion. On the other hand the specific capacitance of the electrode 
material could decrease when the electrode material was constructed of a thick layer 
because the transport of the electrolyte ions into/from active layers becomes more 
difficult. In addition, similar results of different electrode thickness have been reported 
previously [181-182].  
 
 
Figure 6.8  Capacitances calculated from CV and GCD for the five samples with 











































Figure 6.9 Specific capacitances calculated from CV and GCD for the five samples 
with different electrode thicknesses. 
 
6.3 A comparison study of electrical performance of 3D printed 
supercapacitors fabricated with different materials 
 
6.3.1 Materials used 
The frame of the supercapacitors was made of polylactic acid (PLA) filament with a 
diameter of 2.89 mm. Silver conductive paint and carbon conductive paint (Bare 
Conductive Electric Paint) was used to build current collector. The carbon conductive 
paint was selected for this experiment because it is a water-based non-toxic and organic 
solvent free material, which is widely used to create low-current circuits and sensors 
including electrically conductive areas. Carbon conductive paint, activated carbon (AC), 
and their mixture were prepared as the electrode materials. CMC (sodium 
carboxymethyl cellulose), ethanol and distilled water were used as a binder. Phosphoric 
acid and polyvinyl alcohol (PVA) were used as the electrolyte solution. All the above 
















































6.3.2 Preparation of electrode materials and gel electrolyte 
Three different slurries were prepared as an electrode material to examine the electrical 
performance of supercapacitors made from different materials. The composition of the 
three slurries is shown in Table 6.6. The main materials used to prepare for the slurries 
were activated carbon and carbon conductive paint. These two materials with different 
formulas were mixed with distilled water and stirred for 8 hours at room temperature to 
produce uniform slurries.  
The gel electrolyte consists of phosphoric acid (H3PO4) and polyvinyl alcohol (PVA). 1 
g of PVA powder was mixed with 10 ml distilled water and stirred in a magnetic stirrer 
at 50 ºC for 1 hour until fully dissolved. 0.8 ml of H3PO4 was then mixed with the PVA 
solution in the magnetic stirrer overnight until uniform. 





carbon conductive  
paint (g) 




Distilled water  
(ml) 
      no:1 2 N/A 2 20 20 
no:2 N/A 2.5 N/A N/A 20 
no:3 0.5 2.5 N/A N/A 20 
   
6.3.3 Fabrication of EDLCs 
The design of the EDLCs was identical except for the electrode and current collector 
materials. Silver conductive paint or carbon conductive paint was used to print the 
current collector layers, and the three slurries detailed above were used as electrode 
materials. In total, four samples were produced and tested to compare their electrical 






Table 6.7  EDLC material combinations tested 
Sample Material for current collector Material for electrode 
A Silver conductive paint Slurry no:1 (AC) 
B Silver conductive paint Slurry no:2 (carbon conductive paint) 
C Silver conductive paint 
Slurry no:3 (mixture of AC and carbon 
conductive paint) 
D Carbon conductive paint Slurry no:2 (carbon conductive paint)  
 
Solidworks® was used to design all parts of the supercapacitor and this was exported for 
printing using the combination of the two 3D printing processes. The frame of 
supercapacitor was created using the FDM printer. PLA filament was fed into the heated 
controlled temperature nozzle so that the filament was melted and extruded to build the 
part’s cross-sectional geometry layer by layer. The printing parameters were set as 
follows: printing speed at 50 mm/sec, fill density at 20 %, 0.6 mm for wall line width, 
and the temperatures of the nozzle and the build platform at 220 °C and 60 °C, 
respectively. After the printing of frame was accomplished, the current collector, the 
electrodes and the separator with electrolyte were printed using the paste extrusion 
system. After the electrode layer of each sample was totally deposited, the samples were 
dried at room temperature (approximately 22-24 °C). Then the separator of PVA gel 
electrolyte was printed on top of the electrodes. The two sides of the frame were then 










6.3.4 Performance evaluation 
1) CV and GCD testing results 
Table 6.8 gives the CV and GCD testing results for all four EDLC samples 
manufactured with different materials, including their capacitance and specific 
capacitance.  
Table 6.8 Capacitance and specific capacitance of the four samples calculated from CV 
curve and GCD curves     
 Calculated from CV curve Calculated from GCD curve 
Sample m (g) C1,  (mF) Cs1, (mF/g) C2, (mF) Cs2, (mF/g) 
A 0.945 194 205 234 248 
B 0.948 342 360 382 403 
C 0.946 391 413 431 456 
D 1.498 297 198 338 225 
 
Figure 6.10 shows the CV curves of the four EDLC samples. The sample C exhibits the 
largest enclosed area and the sample A shows the smallest enclosed area. Theoretically, 
the CV curve that has a rectangular shape indicates the capacitor to be functionally 
ideal. However, in this study the electrode materials fabricated in EDLC did not show 
an ideal performance which is considered to be due to the high resistance of the 2 mm 
thick electrode material. The CV curves of the samples B and C are slightly more 







Figure 6.10 CV measurements of the four samples with different materials 
recorded at the scan rate of 0.02 V/s. 
 
GCD is another method used to determine the capacitance of the ELDC.  The charge 
and discharge processes are set at a specific current to evaluate the capacitance. The 
GCD curves of the four EDLC samples are illustrated in Figure 6.2. The capacitances of 
the four samples calculated from the GCD tests are similar to the CV tests, and show the 
same order of the capacitance values from highest to lowest, as shown in Table 6.3. The 
GCD curves of the sample B and C are quite similar, but the GCD curve of sample A is 
very different from other samples. This will be explained a in later section. 
 
Figure 6.11 GCD measurements for the four EDLC samples with different 




In summary, the results from the CV curves and GCD curves are broadly similar, but 
the highest capacitance was obtained from sample C, while the lowest capacitance was 
obtained from sample A.   
2) The effect of different materials used for current collectors  
The samples B and D have the same electrode material (carbon conductive paint) but 
different materials as current collectors (silver conductive paint for B and carbon 
conductive paint for D). It can be seen from Figure 6.10 that the area of the sample B is 
larger than the area of the sample D indicating the capacitances of the sample B is larger 
than the sample D. This result can be explained by the evidence of GCD curves shown 
in Figure 6.11. The GCD curves of both samples show a difference in the voltage drop 
(iR drop) at the beginning of discharge curve, i.e. sample D has a larger iR drop 
compared with sample B which directly resulted in a decreased ΔV compared with 
sample B. The initial portion of a discharge curve exhibits the iR drop due to internal 
resistance including the resistance from the current collector material. In previous 
experiments [149-150], the resistance of carbon conductive paint has been found to be 
much higher than that of silver conductive paint. In this study, the measured resistances 
of the current collector of the sample B and D were 0.52 Ω and 18.2 Ω respectively. 
These results suggest that high resistance of the current collector material significantly 
affected the capacitance. This would explain why sample B, with the lower resistance 
current collector material, had a higher capacitance than sample D. 
From this result, it can be suggested that although carbon conductive paint can be used 
as the current collector material for supercapacitors and it shows the ability to 
collect/transport electron from/to the electrode material during the charge-discharge 
process, silver conductive material is more effective, because of its lower volume 
resistivity compared to the carbon conductive material. 
3)  The effect of changing electrode material on capacitance  
The samples A, B, and C are used to compare the effect of different materials for 
electrodes as they were manufactured with the same current collector material (silver 
conductive paint) but with different electrode materials, as shown in Table 6.3. There is 
only AC material used as the electrode material for the sample A, only the carbon 
conductive paint for the sample B, and the mixture of AC and carbon conductive paint 




sample B, which was higher than that for sample A. The carbon paint performed the 
function of a binder in the mixture with AC, used in sample C, so no other binder was 
deemed necessary. 
A scanning electron microscopy (SEM) was applied to study the surface morphology of 
the three different electrodes as shown in Figure 6.12. This SEM measurement was 
operated at an acceleration voltage of 5 kV using a Zeiss SUPRA 35 VP. Figure 6.3 (a), 
(b) and (c) show the SEM image of the surface of electrodes and magnified particle 
surface of AC, carbon conductive paint and carbon conductive paint mixed with AC 
respectively. SEM images indicated that the surface of three samples were completely 
different. The surface of AC material reveals its complex porous structure, comprised of 
various particle sizes. The surface area of carbon conductive paint was smoother than 
other the samples due to component in the carbon conductive material. According to the 
information provided by the manufacturer [149], the binder used in the carbon 
conductive paint is comprised of “natural resin” (precise substance is a trade secret). 
This likely causes the surface to be quite smooth. Figure 6.12 (b) also shows a 
magnification at 1 µm of carbon conductive material which reveals the small particles 
of the material. On the other hand, the surface of the mixture of AC and carbon 
conductive paint was quite rough which in theory should provide a more accessible for 














Figure 6.12  SEM images of three different electrodes (a) activated carbon, (b) 





According to the information provided by the manufacturer, the carbon conductive paint 
used in this study consists of activated carbon and graphite. Graphite, an allotrope of 
carbon, is considered to be the most stable form of carbon and can be used as an 
electrode material in its own right. It has been widely demonstrated that graphite 
electrodes possess high specific surface area and good electrical conductivity [151-153]. 
Therefore, it can be deduced that the carbon conductive paint not only increased the 
specific surface area, but also enhanced the electrical conductivity of activated carbon 
(AC) material. This supports results obtained by Conway [7], who suggested that the 
electrode for EDLC must possess high specific surface area and good electrical 
conductivity. This study’s results demonstrate that the carbon conductive paint has good 
electrical conductivity as it is suitable to be used as current collector, although it is not 
as effective as the silver conductive paint.  The binder material (CMC) used in the 
electrode material of sample A deteriorated the electrical conductivity of AC material. 
Thus, the capacitance of the sample C is better than B and better than A. This is also the 
reason that the GCD curve of sample A is very different from the sample B and C, 
exhibiting a much larger iR drop. 
Electrochemical Impedance Spectroscopy (EIS) is an effective tool that is applied to 
estimate the capacitive and resistive properties of a supercapacitor, which outputs the 
results in the format of Nyquist plots. The plot typically displays information about the 
capacitance, ion-diffusion, and resistance of the device. Information about the resistance 
is contained within the high-frequency region; information about the ion-diffusion 
properties in the mid-frequency region; and information about the capacitance in the 
low frequency region. A perfect supercapacitor would be represented by a straight line 






Figure 6.13 Nyquist plot of the 3D printed EDLC with different material for a 
frequency range between 100 kHz to 0.01 Hz. 
 
Figure 6.13 shows a typical Nyquist plot of the four samples at high frequencies from 
100 kHz down to 0.01 Hz. The equivalent series resistance (ESR) is about 38, 17, 11 
and 29 Ω for sample A, B, C and D respectively. There is no semicircle shape in the 
higher frequency range because contact resistance and the charge transfer resistance 
were low.  At intermediate frequencies, some ion diffusion of the electrolyte inside the 
electrode was seen as the inclined line. At lower frequencies, sample A, C, and D 
exhibited high internal resistance, especially sample D. These results correspond with 
the results of the CV curve and GCD measurements.   
Table 6.8 also gives the values of the specific capacitances of these three EDLC 
samples A, B and C. The order of the values of the specific capacitance are 
corresponding to their capacitance values, i.e. C is higher than B and higher than A, 
which implies that the high capacitance and high specific capacitance are both directly 
proportional to the high specific surface area of the materials. This result is also in a 
good agreement with the literature [42, 152] which suggest that the specific capacitance 
of the electrode material can be effectively improved by using the material with high 
specific surface area. In addition, the capacitance and the specific capacitance also 



























within the layer. It has been demonstrated above that the mixture of carbon conductive 
paint and AC has better conductivity than the carbon conductive paint and better than 
AC with CMC binder, thus sample C has a higher capacitance and specific capacitance 
than sample B, which in turn had higher than had sample A. From these results, the 
mixture of the carbon conductive paint and the activated carbon is determined to be the 
most effective material, of those tested, for fabricating the electrodes in this design. 
 
6.4 Conclusion 
6.4.1 Metal-free Design:  Carbon Paint Concentration, Reproducibility and 
Electrode Thickness 
Of the 5 carbon paint slurries produced, the slurry with concentration 11.1 wt% 
produced the sample with highest capacitance, although the slurry with concentration 
13.0 wt% could not be tested as it was too sticky and it cannot flow along a tube of the 
deposition system.  The samples tested consistently increased their capacitance as the 
carbon paint content was increased. The cause of this result was not investigated, but it 
was assumed to be due to the increased printing iterations required for lower 
concentrations reducing connectivity, and thus causing increased internal resistance.  
The metal-free supercapacitor was found to be extremely reproducible, more so even 
than the design tested in chapter 5. Capacitances of the 3 samples had a standard 
deviation of less than 0.1% on both measures (CV and GCD). If we extend the sample 
to include the two other samples produced to the same design in parts 6.2.3 and 6.2.5 
the standard deviations rise to around 0.1% on CV measurements, and 0.2% on the 
GCD measurements. This still compares favourably to the standard deviations of around 
0.7% in the chapter 5 design reproducibility test. This improvement was to be expected 
since producing the current collector and electrodes from the same material simplifies 
the process. 
Changing from a silver to a carbon current collector appeared to make little difference 
to the effects of changing the thickness of the electrodes. As with the chapter 5 design, 
capacitance consistently increased as the thickness of the electrode increased up to a 
thickness of 2.0 mm, while increasing the thickness further to 2.5 mm decreased 
capacitance to a similar level as the sample with 1.5 mm electrode thickness. The 




may lie anywhere between 1.5 mm and 2.5 mm. The symmetry of the capacitance 
corresponding to electrode thickness 1.5 mm and 2.5 mm suggests though that the 
optimum is likely to be very close to 2.0 mm. 
These results again show the samples operating consistently. To a certain point, 
increasing the thickness of the electrodes allows more charge to be stored, however, 
beyond that point the rate of electrolyte diffusion may reduce overall capacitance, and 
the increased printing iterations increase the internal resistance. 
As in chapter 5, specific capacitance was maximised with the thinnest electrode sample 
(0.5mm electrode). As specific capacitance is measured in proportion to the active 
materials, this was to be expected; however, this result does show that the sample still 
functioned efficiently with this ultra-thin electrode. The feasibility of ultra-thin 
electrodes may be of interest for more complex structural designs. 
6.4.2 Electrode and Current Collector Material Comparison 
Of the three forms of carbon electrode tested, the slurry mixture of carbon conductive 
paint with activated carbon (AC) performed best, measuring a capacitance of 431 mF by 
GCD curve. Scanning electron microscopy (SEM) appeared to show this mixture to 
have a rougher surface texture than either the carbon paint or AC in isolation. This is 
one probable cause for it being the most effective, since an increased active surface area 
is associated with greater capacitance. In addition, the Electrochemical Impedance 
Spectroscopy (EIS) low-frequency Nyquist plot revealed this hybrid material sample to 
exhibit the least internal resistance, which is another probable reason for its superiority. 
That mixing the carbon paint with additional AC was more effective than carbon paint 
alone also tallies with the findings on the effect of changing the concentration of the 
carbon paint earlier on - that a higher concentration of carbon paint produces better 
electrodes. This mixture enabled the creation of a slurry with a higher concentration of 
carbon without rendering the slurry too sticky for paste extrusion. This opens a 
promising avenue for future research into whether performance can be improved by 
further increasing the carbon content of the slurry.  
Though not a failure, the AC with sodium carboxymethyl cellulose, ethanol, and 
distilled water performed least well, its sample measuring roughly half the capacitance 




electrical performances of these samples were limited because of high internal 
resistance. The high internal resistance was probably due to the thickness of the 
electrode and poor penetration of PVA gel electrolyte and also corrosion of the current 
collector.  
The silver paint appeared a bit more effective than the carbon paint as a current 
collector. Sample B (silver current collector, carbon paint electrode) had approximately 
14% higher capacitance compared with Sample D (carbon paint current collector and 
electrodes). The effect was much more pronounced when considering the specific 
capacitance, as the carbon paint current collector was considerably heavier. Sample B 
had approximately 80% higher specific capacitance than Sample D. This was as 
expected because silver is known to have better electrical conductivity than carbon.  In 
fact, the relatively small difference in performance makes a good case for the cost 
effectiveness of carbon paint, which is much cheaper. Furthermore, it would be of 
interest to find out whether the capacitance of the metal-free design could be improved 


















Chapter 8 Conclusions and suggestions for further work 
 
 
7.1 Addressal of Objectives 
The introduction to this thesis set six objectives for this research as listed below: 
1) To design a functional shape and structure for 3D printed supercapacitors using 
computer aided design. 
2) To fabricate the supercapacitors using low cost and environmentally friendly 
materials. 
3) To characterise the electrical performance of the supercapacitors. 
4) To develop metal-free supercapacitors. 
5) To investigate factors that affect the performance of supercapacitors. 
6) To improve the electrical performance and the manufacturing process of 
supercapacitors. 
By way of conclusion, it seems logical to now consider to what extent this research has 
addressed those objectives. 
1) Computer aided design (CAD) was successfully used to develop a few different 
versions of a small cuboidal supercapacitor to be printed in two halves and then 
manually pressed together. CAD was also configured to operate two separate 3D 
printing systems in a single integrated process. The final design included intricate 
features: conductive slots and protrusions for connecting devices together, and a built-in 
hinge to simplify assembly. More than 20 samples were fabricated using 3D printing, all 
of which were functional as a supercapacitor. 
2) The materials used were environmentally friendly and non-toxic. The silver 
conductive paint requires some attention with regards to its disposal, so the metal-free 
samples produced represent the most environmentally friendly design. The carbon 
conductive paint is described by the manufacturer as water based and biodegradable, 




is derived from renewable plant-based resources, and is bio-compatible and 
biodegradable.  
3) All samples produced were tested for their capacitance using a CV test and GCD 
test. The best performing sample in terms of capacitance and specific capacitance was 
Sample C detailed in Chapter 6, with a capacitance of 0.4 F and a specific capacitance 
of 0.4 F/g. This sample had a current collector formed from silver conductive paint, and 
2mm thick electrodes produced from a mixture of carbon conductive paint and activated 
carbon. 
Furthermore, in Chapter 5, samples underwent a series of other tests: 
• Samples were tested for their performance at different scan rates using CV tests. 
The capacitance was found to decrease with the increase of scan rate.  
• Galvanostatic charge/discharge curves were used to assess stability of 
performance with repeated use, and assess functionality at various charging 
currents. Performance was stable over 5 usage cycles, and although increasing 
the charging current reduced capacitance, performance was much improved in 
comparison to the pilot sample. 
• Electrochemical impedance spectroscopy (EIS) was used to determine the 
resistance of components, presented in the form of a Nyquist plot. 
• The “extendable” feature of the samples was tested for effectiveness by 
connecting in series, parallel and via a direct connection, running CV and GCD 
tests for each setup. This feature was found to operate perfectly. 
4) Metal-free supercapacitors were developed in chapter 6 using carbon conductive 
paint as the current collector as well as the electrode material. These did not have quite 
the same level of capacitance as samples produced with silver paint current collectors, 
but they were not unsatisfactory by comparison. The metal-free sample measured a 
capacitance of 320 mF (average of CV and GCD tests), compared to a capacitance of 
360 mF measure in the equivalent sample with a silver current collector. The finding 
that adding AC to carbon paint enhanced the capacitance in a sample with a silver 
current collector suggests that the performance of the metal-free design could be 
enhanced also; though this requires further research. 
5) A range of factors that affect the performance of the samples produced was 




paint concentration, scan rates, and long-term repeated use were all considered. The 
respective findings were as follows: 
• Increasing the scan rate reduced capacitance. 
• Capacitance was maximised with an electrode thickness of 2.0 mm. Specific 
capacitance was maximised with an electrode thickness of 0.5 mm. 
• Although carbon conductive paint was effective as a current collector, silver 
conductive paint was superior. 
• Long-term, the samples were less stable. After 500 iterations of CV 
measurements, capacitance had fallen to half of its initial level. 
• Capacitance improved as the concentration ratio of carbon paint to distilled 
water was increased. Capacitance was maximised at 11.1 wt%, but a higher 
concentration was found to be too sticky to be deposited by the paste extruder. 
• Diluted carbon conductive paint with added AC was more effective than other 
forms of carbon material for constructing electrodes. 
Furthermore, it was assumed from the pilot experiments that appropriate drying times 
between 3D printed layers, and the electrolyte used, significantly affected the 
performance of samples. 
6) The 3D printing process and performance of samples was dramatically improved 
over the course of this research as shown in Table 7.1; eventually to a standard 
comparable to low-cost commercial equivalents. The first pilot sample produced 
measured a specific capacitance of only 6 mF/g, but by the end of this research a sample 
with specific capacitance of 430 mF/g (CV/GDC average) was achieved. Regardless of 
its comparison with standard commercial production techniques, 3D printing seems a 
promising option for the production of bespoke, experimental, and prototype 
















































7.2 The main contributions 
From this work, the following points summarise the main contributions to knowledge 
made in this thesis: 
First of all, 3D printing has been demonstrated as a viable means for the production of 
basic small supercapacitors. Fused deposition modelling (FDM) and a paste extrusion 
system were successfully employed to produce numerous varying versions of the design 
without functional failure. In total, more than 20 different samples were produced using 
3D printing methods, and while some performed far better than others, none failed to 
function as a supercapacitor altogether.  
Furthermore, the process proved to be very consistent in reproducibility tests. The 
capacitance of samples produced to the same designs differed in capacitance by as little 
as 1-5%. This reflects the accuracy and simplicity of the production process. 
The manner in which the FDM machine was combined with the paste extruder and 
modified so that samples could be printed in a single operation was an innovative 
approach. In addition to simplifying the process, it also allowed for more precision and 
less chance of human error, because the sample did not need to be moved from one 
machine to another. Although there are other examples of these two methods being 
integrated, it is not common. This contribution has significance not only for the 3D-
printing of supercapacitors, but for 3D-printing in general. 
The hinges that were part of the design used in this study were successful in assisting 
the final assembly of samples. They were a good example of how 3D-printing can be 
used to produce support mechanism to ensure the precision of final assembly. This also 
has significance for the wider field of 3D-printing. 
Finally, the connection jacks that were also part of the final design proved very 
successful. Despite their small size, they were produced without fault and operated 
extremely effectively. Again this demonstrated the precision of the 3D-printing process, 
while also exemplifying a means of extending the capacitance as required through 
connecting multiple devices. This also showed how the supercapacitors may be 
designed to connect to other electronic devices without the need for wires, as may be 




7.3 Suggestions for further work 
This part of chapter briefly presents a number of ideas of how future research in this 
area can build on what has been explored in this work, and on what has been studied 
previously in this field. 
1) Testing Larger Designs 
The samples produced in this thesis were all very small. This was to limit production 
costs, test the 3D system’s ability to produce minute details, and to consider a design 
suitable for use in compact devices. Other purposes may require a larger supercapacitor, 
so one potential for further work would be to test the efficacy of 3D printing for larger 
designs with more capacitance. 
2) Testing More Complex Designs 
Similarly, this thesis only focused on producing a slim cuboidal geometry. Future work 
could consider exploring new shapes, such as a thicker cuboid, or cylinder which is 
commonly used for modern supercapacitors. The design used in this thesis only required 
the conductive materials to be repeatedly printed along a single flat plane. Thicker 
supercapacitors require the electrode planes to meander or spiral in order to maximise 
electrode surface area within the volume of the design. 3D printing these more complex 
designs would present a more robust test of the CAD and the system’s precision.  
3) Fabrication of Other Devices Using the Integrated FDM-Paste Extrusion System 
Within this research, an innovative dual-headed 3D printer was fashioned by fixing a 
paste extruder to the mechanism of the FDM printer. This made the process easier, as 
well as improving the level of precision. This was one of the most successful elements 
of this research, proving to provide excellent reproducibility. This manufacturing 
process could be of interest for further study on different designs or even different 
components. 
4)  Pneumatic Paste Extrusion System 
In this thesis, the paste extrusion system consisted of a stepper motor, a syringe 
connected to a plastic tube, and a nozzle at the end of the plastic tube. To extrude the 
paste material, the stepper motor is driven to rotate the screw underneath the syringe 




into the nozzle, and the material is then deposited in the desired position. This system 
functioned fairly well, however a paste extrusion machine with a pneumatic control may 
be able to provide more accuracy for the volumetric control, repeatability of dispensing, 
the accuracy of the start-stop deposition process, and the speed of deposition. Whether 
such a machine could be combined with an FDM printer as was achieved in this study, 
and whether it does indeed produce more reliable samples, could be a focus for future 
research. 
5) Further Study of Carbon Paint with AC Additives  
The carbon conductive paint used in this thesis (Bare Conductive® Electric Paint) was 
stable and presented good electrochemical performance. However, the performance was 
found to be improved with the addition of granular AC, which produced the best 
performing sample evaluated in this thesis. This finding requires much further study 
though. Since only one sample was produced using this form of slurry, the 
reproducibility, cycle life stability, and optimal AC concentration remains unexamined. 
Furthermore, the performance of this slurry as the current collector/electrode material 
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